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Fusion-bonded epoxy (FBE) coating of line pipe usually induces an increase of yield 
strength (YS) and yield strength to tensile strength (Y/T) ratio, as well as a decrease 
of ductility and toughness. This phenomenon is known as strain ageing in pipeline 
steels. Strain ageing induced by coating of line pipe has become a big concern in 
pipeline industry because the increase of YS and Y/T as well as the decrease of 
ductility are believed to have adverse effects on pipeline hydrostatic test, cold field 
bending and fracture control. 
This research aims to investigate the mechanism of strain ageing in pipeline steels to 
understand the influence of strain ageing on pipeline properties and integrity. A 
thorough investigation through experimental work, including microstructure, texture 
analysis, solute carbon concentration, small-scale mechanical properties and 
hydrostatic burst tests on selected pipeline steels (mainly X70) from hot rolled strip, 
bare pipe and coated pipe was performed.  
To investigate the pipe non-uniformity and the formation of Lüders band in the 
through-thickness direction of line pipe, through-thickness tensile tests were 
performed on X80 pipe. The evolution of microstructure and mechanical properties 
associated with the observed Lüders band was investigated and the results exhibited 
that the specimens from the mid thickness had the minimum tensile elongation and 
the specimens from the innermost layer had the most obvious Lüders phenomenon. 
The observed Lüders band was analysed in detail and the results did not show 
evident microstructural change when Lüders band was passing through the 
specimen. However, the Lüders band passed region did show slightly higher 
hardness which could be attributed to the slightly higher dislocation density in this 
region. 
To investigate the influence of strain ageing parameters on steel properties, strain 
ageing simulation was performed on one X65 steel strip and two X70 steel strips 
(with thickness of 6.8 mm and 9.1 mm) using various combinations of pre-straining 




ageing condition influenced the mechanical behaviour of the steels. After pre-
straining to 2.0% and 2.5%, the Lüders plateau was removed. However, it re-
appeared when the pre-strained specimens were aged at low temperatures ranging 
from 200 ºC to 260 ºC. In general, YS, ultimate tensile strength (UTS) and Y/T 
increased with increasing pre-strain levels and ageing temperature. Uniform 
elongation (UE) and total elongation (TE) decreased with increasing pre-strain 
levels and ageing temperature.  
To investigate the evolution of microstructure, texture and mechanical properties of 
pipeline steel during pipe forming and coating process, through-thickness 
microstructure, microhardness and texture investigation was performed on X70 
pipeline steel hot-rolled strip, bare pipe and coated pipe. Microstructure observation 
using Optical Microscope (OM) and Electron Backscatter Diffraction (EBSD) 
revealed that the bare and coated pipe exhibited very similar microstructures. 
Compared to the hot-rolled strip, the microstructure of the pipe did not change much 
in most regions but exhibited slightly larger grain size at the outer surface. 
Microhardness measurement showed that the outer surfaces of the pipe exhibited 
smaller hardness values than the inner surfaces. Microtexture analysis using EBSD 
indicated that there was a texture change at both the outer and inner surfaces during 
the pipe forming process, but there was no obvious texture change after the FBE 
coating. It can be concluded from these results that the pipe forming process 
changed the texture at the outer and inner surfaces. However, the temperature of 
FBE coating was not high enough to cause microstructure or texture change. Solute 
carbon concentration was measured through internal friction measurement method 
and the results showed that the solute C concentration increased after pipe forming 
and coating.  
To study the influence of strain ageing on pipe performance and integrity full scale 
properties were tested on bare and coated pipe using hydrostatic burst test. The 
results showed that the pipe before and after coating had the same bursting pressure. 
The hoop strain of the plain coated pipe was slightly smaller than that of the plain 
bare pipe, but it still experienced considerable plastic deformation before burst. 
Monitoring of crack development using clip gauges on notched pipe showed that the 




process and the strain ageing effect that comes with it does not influence the 
integrity of the pipe. 
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1.1 Strain ageing 
Strain ageing is a phenomenon caused by deformation and subsequent ageing of 
some metallic materials, which can result in a change of mechanical properties. 
Normally, the change includes increased hardness, yield strength (YS) and tensile 
strength, and reduced ductility and toughness [1-3]. 
Usually, there are two types of strain ageing: static strain ageing (SSA) and dynamic 
strain ageing (DSA). The notion of SSA refers to the transient stress peaks observed 
in materials when a specimen under tensile test is totally or partially unloaded and 
aged for a certain time and then reloaded in tension again [4]. It is commonly 
accepted that the strain ageing effect is related to the pinning of dislocations by 
diffusion of solute atoms during the ageing [5-7]. The attribute “static” is used to 
distinguish the phenomenon from DSA, which consists in recurrent pinning of 
dislocations repeatedly arrested at obstacles to their motion in the process of 
straining [8]. 
Many metals exhibit the phenomenon of strain ageing during the process of 
deformation and ageing, such as common metal pure aluminium (Al) [9], Al alloy 
[10-12], magnesium (Mg) alloy [13-15], and titanium (Ti) alloy [16-18]; base metal 
nickel (Ni) alloy [19-21], zinc (Zn) alloy [22], and copper (Cu) alloy [23-25]; noble 
metal gold (Au) alloy [26], and silver (Ag) alloy [27]; refractory metal niobium (Nb) 
alloy [28, 29], tantalum (Ta) [30-32], and tungsten (W) alloy [33-35]. Some single 
crystals were also found exhibiting the phenomenon of strain ageing, such as CuMn 
single crystal [36], MgO single crystal [37], silicon (Si) single crystal [38], 
Al0.3CoCrFeNi high entropy alloy single crystal [39]. In addition to these, Zr based 
metallic glass [40] was also found exhibiting strain ageing. 
Ferrous metals are the most widely used materials and strain ageing is frequently 
observed in the processing of these metals. Alloy steel possesses the phenomenon of 




steel presents the phenomenon of strain ageing, such as low carbon steel [47-49], 
and high carbon steel [50]. Iron [51-53] and iron alloy [54-56] also exhibits strain 
ageing. Strain ageing also exists in iron single crystal [57] and Hadfield steel single 
crystal [58]. 
To induce the phenomenon of strain ageing, deformation is an important factor. The 
most discussed deformation mode in research papers is tensile [59-61]. Other modes 
discussed include creep [62], cyclic deformation [63-65], fatigue [66-68], and equal 
channel angular extrusion (ECAE) [69]. Without subsequent heat treatment, 
deformation itself can result in the phenomenon of strain ageing. Therefore, 
deformation should be paid much attention in the investigation of strain ageing. 
1.2 Strain ageing of pipeline steels 
Strain ageing is caused by deformation and ageing. For production of steel pipe, 
pipeline steel experiences deformation in the process of pipe making, and in the 
process of subsequent fusion bonded epoxy (FBE) coating, the pipeline steel 
experiences ageing. FBE coating is generally used for protection against pipe 
corrosion. During the FBE coating process, the pipe is heated for 5-8 min at a 
temperature range of 200-250 °C [70-72]. The effect of heat treatment on the tensile 
and compressive stress-strain curves of coupons machined from X100 UOE (U-ing, 
O-ing, and Expanding) line pipe was reported in Ref. [73] and the results showed 
that the thermal treatment caused increases in axial tensile strength, axial 
compressive strength, circumferential tensile YS, circumferential compressive YS 
and Y/T (yield strength / tensile strength) ratio. 
Pipelines carrying resources, like oil and natural gas, travel long distances over 
complex environments such as under land or water. Some of the key pipeline 
projects must be capable of accommodating significant plastic strains. Examples 
include pipelines in seismically active areas or in arctic regions, offshore pipelines 
that can experience strains due to displacement or bending caused by mud slides or 
thermal expansion effects. Accordingly, large strain capacity is required for line pipe 
used in these environments, such as excellent uniform elongation (UE) and a low 




Strain ageing usually induces an increase of YS and Y/T ratio [77, 78]. Y/T ratio is 
used as a measure of material ductility in pipeline design and fracture control. High 
Y/T ratio has adverse effects on pipeline hydrostatic test, cold field bending and 
fracture control. Therefore, strain ageing induced by pipe forming and FBE coating 
has become a concern in natural gas pipeline design and the purchaser’s 
specification of pipeline steels [79]. 
1.3 Research objectives 
Though the influence of strain ageing on the properties of pipeline steels is well 
aware by the pipeline industry, the influence of strain ageing parameters on steel 
properties has rarely been investigated systematically. The evolution of the steel 
properties during the pipe forming and coating process has never been 
systematically studied. The direct comparison of pipe performance before and after 
coating has also rarely been reported. This research aims at providing some data in 
these aspects. The research objectives are: 
1) To investigate the influence of strain ageing parameters on steel properties 
through various combinations of pre-straining and ageing conditions.  
2) To study the pre-straining and ageing induced yield drop and Lüders band 
propagation phenomenon.  
3) To investigate the evolution of microstructure, texture and mechanical 
properties of pipeline steel during the pipe forming and coating process. 
4) To study the influence of strain ageing on pipe performance and integrity. 
1.4 Thesis overview 
This thesis consists of 8 chapters. The contents of Chapter 2 to 8 are as follows: 
Chapter 2 provides a brief review of the literature relating to the phenomenon of 
strain ageing of pipeline steels, as well as its formation mechanism and its effect on 
properties of pipeline steels.  




Chapter 4 presents the results of through-thickness tensile tests which were 
performed on X80 pipe to investigate its non-uniformity in the through-thickness 
direction. The evolution of microstructure and mechanical properties associated with 
the observed Lüders band is discussed in detail. 
Chapter 5 focuses on the results of strain ageing simulation through pre-straining 
and ageing on one X65 steel and two X70 steels. The effect of pre-strain levels, 
ageing temperature and ageing time is presented. The yield drop and Lüders plateau 
phenomenon are discussed.  
Chapter 6 systematically compares the property change of X70 steel in the pipe 
forming and coating process by investigating the microstructure, texture and 
mechanical properties of X70 strip, bare pipe and coated pipe to understand the 
effect of strain ageing.  
Chapter 7 directly compares the pipe integrity of bare and coated pipe by 
conducting full scale hydrostatic burst tests on X70 bare and coated pipe. The 
influence of coating on the burst pressure, allowable hoop strain, as well as fracture 
resistance capability is evaluated.  
Chapter 8 draws the primary conclusions of the research work conducted in this 
thesis and makes recommendations for the current standard and possible future 
work. 
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2 LITERATURE REVIEW 
 
In this chapter, a comprehensive literature review on strain ageing of pipeline steels 
is conducted, including the general influence and mechanism of strain ageing, effect 
of pre-straining, effect of strain ageing on mechanical properties and microstructure 
of pipeline steels, as well as its effect on the performance of pipe. 
2.1 Strain ageing 
Strain ageing is defined as a phenomenon of increment in strength and decrement in 
ductility of metallic materials after ageing at a relatively low temperature following 
cold working. There are two types: SSA and DSA. 
2.1.1 Static strain ageing 
The typical SSA is showing in Fig. ‎2.1 [4]. When material strained to point A, 
unloaded and then reloaded immediately, the stress-strain curve will be in the form 
of curve a. ∆𝑌1 is the increase in stress produced by pre-straining. When material is 
strained to point A, unloaded and then reloaded after ageing, the stress-strain curve 
will be in the form of curve b. ∆𝑌2 is the increase in stress produced by ageing; ΔU 
is the change in UTS, and Δe is the change in total elongation (TE) due to pre-
straining and ageing. 
Besides the influence on strength and ductility, SSA has other influences such as on 
the cleavage fracture of a C-Mn steel [80]. For the initial material and 5% pre-
strained material, the mean value of Charpy V-Notch (CVN) energies at -20 °C 
decreases from 18.1 J to 10.5 J, and to 7.29 J for the 5% pre-strained plus aged 
material. At -20 °C, the material in its initial state is in the ductile-to-brittle 
transition zone. In contrast, for the pre-strained and pre-strained plus aged materials, 
the ductile-to-brittle transition zone is shifted towards higher temperatures and the 
materials is in the brittle fracture domain at the same temperature  . The shift in the 
transition domain is emphasised by the ageing treatment for the pre-strained 
material, and can lead to unexpected failure of the material [80]. 




Fig. ‎2.1 Stress-strain curves for material strained to point A, unloaded, and then 
reloaded immediately (curve a) and after ageing (curve b) [4]. 
SSA can also influence the elasto-plastic transition in C-Mn-Si transformation-
induced plasticity (TRIP) steel [81]. The bake hardening after pre-straining was 
considerably more effective than the bake hardening treatment without pre-straining 
in retarding micro-yielding in both of the <200>α // ND-oriented and <220>γ // ND-
oriented grains. In the case of the former, the martensitic transformation appeared to 
be stress induced. This may be due to the dislocations generated during pre-straining 
which can act as potential nucleation sites for the martensitic transformation [81]. 
SSA can also influence the resistivity of materials [82]. It is reported that the 
resistivity changed in niobium during straining and strain ageing. Changes in 
resistivity at certain temperature were due to carbon which became mobile. 
Precipitation of carbides could lead to large drops in resistivity [82].  
2.1.2 Dynamic strain ageing 
Typical DSA stress-strain curves are showing in Fig. ‎2.2 [83]. Serrated yielding of a 
steel is observed at the strain rate of 10−4 𝑠−1 when the test is conducted at 300 °C, 
which is called Portevin-Le Chatelier effect. Serrations in the stress-strain curve 
caused by the Portevin-Le Chatelier effect are the most visible effect of DSA. 




Fig. ‎2.2 Typical engineering stress-strain curves of DSA [83] 
DSA can influence the flow stress of commercially-pure aluminium [84]. Tensile 
tests on annealed, commercially pure aluminium specimens were performed at 
different temperatures for a number of constant strain rates and the results showed 
that the decrement of flow stress could be observed in a range of strain, strain rate, 
and temperature conditions. The material property coupled with suitable mechanical 
conditions is believed to be the cause of the discontinuous repeated yielding. 
Various experiments, especially relaxation and reloading tests, showed that the 
decrease of flow stress with strain rate can be directly attributed to rapid strain 
ageing due to impurity diffusion [84, 85]. 
DSA can influence the dislocation substructure in a uniaxial tension test. In the 
athermal region of YS, DSA increases the tendency for a higher dislocation velocity 
in a low internal stress field, and for a lower dislocation velocity in a high internal 
stress field. These result in the clustering of dislocations at the sites with a high 
internal stress field [86]. 
DSA can influence the stress exponent of Al-Mg alloys. The change in the stress 
exponent with stress could be due to the contribution of DSA to the stress exponent. 
The strengthening due to DSA disappears at high and low strain rates and is most 
marked at some intermediate strain rate. This DSA behaviour could cause the 
change in the stress exponent. The decrease in the stress exponent with increasing 
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Mg content at 600 K could arise because of the increase in strengthening due to 
DSA [87]. 
DSA can influence the apparent activation energy and the apparent activation 
volume. DSA is an important factor in the creep behaviour of Zircaloy-2. The 
variation in the solute strengthening term σ𝐷 due to DSA with temperature leads to 
the negative activation energy and the peak in apparent activation energy [88]. DSA 
associated with oxygen atoms is a very significant factor in the deformation of 
commercial titanium between 0.3 T𝑚  and 0.4 T𝑚 , where T𝑚  is the melting 
temperature. DSA explains the rapid increase in activation volume above about 
0.3T𝑚 very well [89]. 
DSA can influence the electrochemical behaviour. DSA is prevalent during drawing 
of low carbon wire rods with free nitrogen content above 20 ppm. A distinct second 
stage DSA affects the ultimate tensile strength (UTS) of the drawn wires and 
increases with increasing amount of nitrogen. Deformation strain contributes to 
DSA and is mutually interrelated with the available nitrogen content. Appreciable 
gain in tensile strength with increased work hardening rate and drop in ductility 
occur in heavily drawn and high nitrogen content wires. Cold drawn wires with high 
tensile strength are heavily stressed and prone to early corrosion attack, particularly 
when exposed to salty environment. This is more significant in higher nitrogen 
containing steel [90]. 
2.1.3 Typical strain ageing of low-carbon steel 
Fig. ‎2.3 shows the stress-strain curves illustrating typical strain ageing behaviour of 
a low-carbon steel [91]. Region A shows a stress-strain curve of the original low-
carbon steel. A localised, heterogeneous type of transition from elastic to plastic 
deformation can be observed in the curve. This is called a yield point phenomenon. 
In this type of deformation, the stress drops suddenly at yield point (called upper 
yield point), and then fluctuates around a value which is lower than the upper yield 
point stress (called lower yield point stress), then rises with further deformation.  
The deformation at the lower yield point stress is heterogeneous. Single or multiple 
deformation bands, called Lüders bands, appear at a stress concentration, usually 
near the shoulders of the tensile specimen, and then propagate along the gauge 
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length of the specimen until they cover the entire gauge region. These bands are 
generally at approximately 45° to the tensile axis, which is consistent with the 
direction of the critical resolved shear stress (CRSS), and grow at an almost constant 
stress level. The elongation occurs at this constant stress contains Lüders bands and 
is called yield-point elongation or Lüders elongation/strain. At the end of Lüders 
elongation, the stress increases with strain again, which is the start of the work 
hardening stage. Region A of Fig. ‎2.3 shows a material strained in excess of Lüders 
strain and stopped in the middle of work hardening at point X. The specimen is then 
unloaded and reloaded without any treatment at point X. The corresponding stress-
strain curve of the reloaded test is shown in region B of Fig. ‎2.3. It can be seen that 
the yield point does not occur and the stress-strain curve shows a smooth transition 
from elastic to plastic behaviour. If we now consider that the original specimen is 
strained to point Y, which is still in the middle of work hardening stage, unloaded, 
and then reloaded after ageing at low temperature such as 130 °C for a few hours, 
the stress-strain curve will be like region C in Fig. ‎2.3. The yield point phenomenon 
reappears and the YS increases. This is the typical strain ageing phenomenon. 
 
Fig. ‎2.3 Stress-strain curves for low-carbon steel showing strain ageing. Region A, 
original material strained through yield point. Region B, immediately retested after 
reaching point X. Region C, reappearance and increase in yield point after aging at 
130 °C [91].  
The occurrence of strain ageing is typical in low-carbon steels. It is usually 
influenced by steel composition and microstructure, pre-strain level, and ageing 
temperature and time. Fig. ‎2.4 shows some examples. Fig. ‎2.4(a) shows that with 
increasing pre-strain levels, the YS increases and ductility decreases under the same 
ageing condition. Fig. ‎2.4(b) shows that the yield point phenomenon only appears 
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above a certain ageing temperature, which indicates that the effect of ageing is more 
pronounced at higher ageing temperatures. Fig. ‎2.4(c) shows that at a certain ageing 





Fig. ‎2.4 Examples showing the effect of (a) pre-strain [1], (b) ageing temperature 
[92] and (c) ageing time [93] on the properties of materials. 
2.2 Mechanism of strain ageing 
The strain ageing is usually interpreted as the result of interactions between 
interstitial solute atoms and dislocations due to plastic deformation and ageing. 
Interstitial carbon and nitrogen are small relative to the iron atoms, and hence free to 
migrate to dislocations by thermally activated diffusion energised by the ageing 
treatment. The “atmospheres or clouds” of small carbon and nitrogen atoms impede 
movement of those dislocations, and then the stress has to rise to release the 
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dislocations, resulting in a higher yield or flow strength. This theory was proposed 
by Cottrell and Bilby in 1949 [94]. 
This theory considers that dislocations in steels are locked initially by carbon or 
nitrogen atoms which usually diffuse to the positions of minimum energy which are 
below the extra plane of atoms in a positive edge dislocation. This segregation of 
solute atoms at dislocations is called Cottrell atmospheres, as illustrated in 
Fig. ‎2.5(a). The dislocations are pinned by these solute atoms and it requires 
additional stress to allow the dislocations to break away from their atmosphere. 
Therefore, the yield stress is increased and forms the upper yield point. Once the 
dislocations become mobile, the stress required to keep them in motion is smaller. 
Therefore, the specimen can be deformed at a stress equivalent to lower YS. 
Yield drop is usually present in a tension test in company with Lüders phenomenon. 
Based on Cottrell’s theory, in regions near the shoulders of tensile specimen, stress 
concentration exists which helps to unpin dislocations from solute atoms, hence 
Lüders bands nucleate in the shoulder region. Once the Lüders bands nucleate, the 
band front acts as stress concentration and helps to unpin dislocations in the 
undeformed region so that the Lüders bands propagate over the gauge length of the 
specimen.  
Besides Cottrell’s theory, there are other types of locking. Suzuki locking considers 
the case of substitutional alloys by assuming that the substitutional atoms also can 
migrate to particular parts of dislocations so as to lock them. Short-range order 
locking (which was later extended to Snoek atmosphere) considers that the existence 
of short-ranged order in a crystal will increase the flow stress. Electronic locking 
suggests that edge dislocations in a lattice should carry an electric charge and there 
should be an electrical contribution to the binding energy of a solute atom and 
dislocation, but the contribution is very small [95]. In general, it is considered that 
yield point and strain ageing effect in steel are mainly caused by the presence of 
carbon and nitrogen interstitial atoms, which lock dislocations under appropriate 
conditions. This can be proved by ways of eliminating solute carbon or nitrogen and 
consequently removing yield point using methods of decarburizing by annealing in 
wet hydrogen, alloying with strong carbide or nitride forming elements or quenching 
from high temperature [91, 95].  
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Though both carbon and nitrogen are considered as dislocation pinning atoms, their 









/s) [93]. Therefore, 
nitrogen is able to cause strain ageing at low temperature ~100 °C. Carbon only 
influences the strain ageing at higher ageing temperature of above ~200 °C [96].  
Solute carbon and nitrogen concentration can be estimated using internal friction 
method by investigating the Snoek peak of steel [97]. In contrast to Cottrell 
atmosphere, Snoek atmosphere is caused by carbon and nitrogen atoms in iron 
which occupy the octahedral sites of the body-centred cubic (BCC) iron cell. In the 
absence of external stresses, the carbon atoms are distributed uniformly among the 
interstices. Upon applying a certain stress to a crystal direction, such as <100> 
direction as indicated in Fig. ‎2.5(b), the octahedral sites along the x and y axes will 
shrink in size whereas those along the z axis will expand. Therefore, the carbon 
atoms will move to those sites. When the stress sign changes, the reverse process 
will occur, and under the action of alternating periodic stresses this change in the 
distribution of interstitial atoms among the octahedral interstices causes an anelastic 
deformation of the crystal. Special methods can be used to measure the relaxation 
time of the Snoek relaxation process associated with the diffusion of interstitial 




Fig. ‎2.5 (a) Schematic illustration of a carbon atom below a dislocation in iron, 
forming a Cottrell atmosphere [98], (b) Snoek ordering of a carbon atom in BCC 
iron under the influence of an applied stress [93]. 
2 Literature review 
13 
 
2.2.1 Interaction between interstitials and dislocations in iron 
The first scientific theory for static strain aging was proposed by Cottrell in 1949 
[94]. He proposed that the migration of solute atoms (interstitials in steels) to 
dislocations pins the dislocations and results in a sharp yield point upon reloading 
[99]. The attraction of smaller solute atoms to dislocations results from the 
compressive strain field around an interstitial solute atom (such as carbon and 
nitrogen) which can relieve some of the tensile strain field below the half plane 
which forms an edge dislocation. Moreover, in BCC iron, carbon and nitrogen 
interstitials occupy positions at the mid points of the edges of BCC cell (i.e. the 
octahedral sites). The resulting stress-strain field associated with these atoms has a 
shear component along with the hydrostatic field. Thus, these solute atoms are able 
to interact with the shear and hydrostatic stress field of dislocations, i.e. the 
interaction is almost equally strong with edge and screw dislocations [99]. 
If one considers that solute atoms are initially distributed at random positions around 
a dislocation at the nominal solute concentration, then the interaction energy 




  2.1) 
 
where r and θ are the polar coordinates for the positions of the solute atom relative 
to the core of the dislocation, and A is a parameter that depends on the elastic 
constants of the matrix and the shape change caused by the solute atom (note: 
Equation  2.1) is not valid at the centre of the core of the dislocation since linear 
elasticity theory is not applicable in this region). The energetically most favourable 




 and r = r0 ≅ 2 × 10
−10, r0  is the minimum distance from the core of the 
dislocation where linear elasticity theory is applicable. The maximum binding 
energy in this case is estimated to be ≅ 1 eV [99]. However, internal friction studies 
measure the binding energy to be ≅ 0.45 eV [99, 100]. This difference is reasonable 
since the binding energy obtained using linear elasticity is almost certainly too high. 
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The equilibrium concentration of solute atoms in an “atmosphere” around each 
dislocation is given by [99]: 
 c = c0exp (
U
kT
)  2.2) 
 
where c0  is the bulk concentration, k is Boltzmann’s constant, and T is the 
temperature in K. However, the interaction energy between carbon or nitrogen atoms 
and a dislocation is so strong that Umax ≫ kT at room temperature, i.e. atmosphere 
becomes saturated. In this condition, the atmosphere condenses into a line of carbon 
and nitrogen lying parallel to the dislocation line and gets situated at the position of 
maximum binding [100]. 
2.2.2 Diffusion of interstitials to dislocations  
The migration of carbon or nitrogen atoms to the core of a dislocation can be 
considered as follows. According to Cottrell and Bilby [99], the number of solute 
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where λ is the atomic diameter of an iron atom, Ns is the total number of carbon 
atoms per unit length of the dislocation required to form an atmosphere of one atom 
per atom plane (and this is equal to 1/λ), D is the diffusion coefficient of carbon or 
nitrogen, and n0 is the initial concentration of carbon or nitrogen in solution. More 
recently, De Cooman et al. [101] considered the effect of saturation of atmospheres 
on the kinetics of strain aging by considering that carbon atoms which arrive at 
dislocation during the early stages of aging are more effective in pinning 
dislocations than those arriving later. Based on this consideration, Equation  2.5) was 
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modified to give a better prediction of the static strain aging results, especially in the 
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where ρ0 is the initial dislocation density. 
2.2.3 The origin of the yield point  
Low carbon steels typically show an upper yield point, followed by an undulating 
stress-strain curve known as yield point elongation (YPE) as shown in Fig. ‎2.3 
[102]. The origin of the upper yield point has two basic explanations: (a) at the 
upper yield point, dislocations break free from their solute atmospheres and there is 
a drop in the stress or, (b) new mobile dislocations are generated (possibly at grain 
boundaries) and multiplication of dislocations occurs rapidly resulting in a drop of 
the stress. The first explanation was given by Cottrell and Bilby [94] and in this 
theory, it is the strong interaction between dislocations and their solute atmospheres 
that pins the dislocations. Therefore, a higher stress level is required to break the 
locked dislocations free from their atmospheres than that to keep them in motion 
once they have been unpinned. The interaction between dislocations and the solute 
atmospheres has two regimes. At small stresses, the dislocations cannot escape from 
these atmospheres and solute atoms migrate with dislocations during flow. However, 
at sufficiently high stress, the dislocations are collectively unpinned from these 
atmospheres. Unpinning causes a sharp increase in the mobile dislocation density 
and elastic relaxation of the rest of the sample result in smaller stress required for 
constant strain rate [99, 103]. This process results in sharp upper yield point and 
subsequently lower yield point during a tensile test. Fig. ‎2.6 illustrates a row of 
solute atoms lying in the position of maximum binding along the core of a straight 
edge dislocation. The derivation of the interaction energy of a dislocation displaced 
by x from a line of solute atoms shows that the maximum force is required to 
displace the dislocation by x = r0 √3⁄  [94]. Having this, the theoretical (break-
away) tensile stress required to cause this force is estimated to be ≈6 GPa in iron 
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[99], however, it should be noted that this value is calculated based on the variation 
of the interaction energy during the course of unpinning which is not well known. 
Due to the very strong interaction of dislocations with their atmospheres, the 
possibility of alternative mechanisms other than unpinning of dislocations upon 
yielding have also been considered [93, 104]. Leslie [93] has shown that an abrupt 
multiplication of mobile dislocations can also cause a yield drop, i.e. even without 
dislocation unlocking. In this mechanism, the influence of mobile dislocation 
density on the stress required to obtain a constant strain rate is considered. The strain 
rate in a crystal can be related to the motion of dislocations using the Orowan 
equation: 
 ε̇ = bρmv̅  2.6) 
 
where b is the magnitude of Burgers vector, ρm is the mobile dislocation density, 
and v̅ is the average velocity of the dislocations. If the initial mobile dislocation 
density is very low due to pinning of the dislocations with Cottrell atmospheres, then 
the average velocity of dislocations has to be very high to meet the macroscopic 
strain rate. The average velocity of dislocations is dependent upon stress according 
to: 
 v̅ = (
τ
τ0
)m  2.7) 
 
where τ is the applied shear stress resolved in the slip plane, τ0 is the shear stress for 
v̅=1 m/s and m is a constant which varies for different materials (about 35 for edge 
dislocations in steel according to Leslie [93]). Therefore, a high stress is required to 
provide the high velocity of dislocations at the beginning of yielding but as soon as 
the yielding occurs, multiplication of mobile dislocations results in stress drop. 
Therefore, large yield drops can be achieved without recourse to the unlocking of 
pinned dislocations [93]. 




Fig. ‎2.6 Diagrammatic representation of a row of solute atoms lying in the position 
of maximum binding at an edge dislocation. An applied shear stress will cause the 
dislocation to separate from the solute atoms by gliding in the slip plane to position 
x. [105] 
2.2.4 Yield point elongation  
In steels where carbon or nitrogen are present as interstitials, the initial plastic 
response typically shows an undulating stress-strain curve (there may or may not be 
a distinguished upper yield point) known as the YPE. Macroscopic observations on 
the surface of a steel sample show the formation of surface markings known as 
Lüders bands. These bands often nucleate in regions of stress concentration such as 
the shoulders of the specimen [91] and these bands divide the specimen into the 
sections where plastic deformation is occurring and to those which are still 
unyielded. These bands propagate through the rest of the gauge section during the 
YPE with complete yielding of the sample occurring at the end of the YPE. Based 
on Cottrell’s theory, the nucleation of a Lüders band is due to break-away of a group 
of dislocations upon yielding in regions with substantial concentration of stress, 
which help the unpinning at smaller applied stress compared to the theoretical break-
away stress. It was argued that the nucleation of a Lüders band did not have its 
origin from the break-away of single dislocation since making a light scratch on the 
surface of the sample, which should cause many dislocations to be unpinned, does 
not remove the upper yield point. Further, it was argued that during the propagation 
of the Lüders band(s), the stress concentration at the edge of the band helps release 
anchored dislocations in front of the Lüders band. 
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In the mobile dislocation theory of yielding, the nucleation of a Lüders band occurs 
when a sufficient stress is reached to activate a dislocation source (generally at the 
grain boundary) and then propagates the dislocations through the grain. Due to the 
local decrease in cross section, the Lüders band front acts as stress concentration, 
such that yielding is propagated over the gauge length of the specimen at a virtually 
constant stress, i.e. over the strain for the Lüders elongation. 
Studies on Lüders elongation in low carbon steels show that it increases in 
magnitude with a decrease in ferrite grain size [106], temperature [107], and carbon 
concentration [106, 108], and with an increase in strain rate [107, 108]. 
2.3 Effect of pre-straining on properties of pipeline steels 
Fig. ‎2.3 schematically describes the effect of static strain aging on stress-strain 
response of low carbon steels. In this figure, the sample is first plastically strained to 
point X (region A). The specimen is afterward unloaded and reloaded without any 
appreciable delay or any heat treatment (region B). In this case, the upper yield point 
is absent upon reloading since there was insufficient time for Cottrell atmospheres of 
carbon and nitrogen atoms to form. The specimen after reaching to the point Y is 
unloaded for a second time and an aging treatment is applied, by holding at low 
aging temperature (20-150 °C) and the result is the return of the upper yield point, 
lower yield point and the Lüders plateau [91]. Holding the sample has resulted in the 
reappearance of the yield point due to the pinning of dislocations by formation of 
Cottrell atmospheres at dislocations present at the end of the pre-strain 
2.3.1 Effect of pre-straining on strength and Y/T ratio  
As shown in the stress-strain curves displayed in Fig. ‎2.7, tensile pre-strain increases 
YS. The effects on the UTS are marginal, and so the Y/T ratio is increased. 




Fig. ‎2.7 Effect of pre-strain on true stress-strain curves of X80 pipeline steel [109] 
The effect of pre-strain on YS of a number of ship’s plate steels [110] and pipe 
steels [111] were reported. The increase of YS varies from steel to steel, and thus 
depends on steel composition, microstructure, and processing [110, 111]. 
If compressive pre-strain is applied, for example on the compressive side of cold-
bent pipes [111-113] or on the pipe’s OD surface at the bottom of a dent [114], the 
YS and Y/T ratio may decrease owing to the Bauschinger effect (for example, Ref. 
[115]). Fig. ‎2.8 displays the effects of tensile and compressive pre-strain (shown as 
residual strain on the abscissa) on YS and Y/T ratios of an X80 pipe steel [111]. 




Fig. ‎2.8 Effect of pre-strain on tensile properties of an X80 pipeline steel [111]. 
The specimen and pre-strain orientations are parallel to the pipe’s longitudinal 
direction. For the pre-strained steel, the rate of increase YS and Y/T ratio decreases 
with increasing strain; for cold-bend specimens, the residual strains were not large 
enough to show this effect. The reason for the decreasing rate of increase after some 
pre-strain was not discussed in Ref. [111], but it may simply reflect a decrease in the 
work hardening rate with increasing strain. 
2.3.2 Effect of pre-straining on ductility  
Pre-strain decreases TE and UE as may be deduced from the stress-strain curves 
shown in Fig. ‎2.7. For the X80 steel (Fig. ‎2.7), the UE is very limited if pre-strain is 
more than approximately 6.5%. The effect of pre-strain on TE of several ship plate 
steels [110] revealed that the decrease of elongation is gradual and depends on steel 
composition, microstructure, and processing. 
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The effect of pre-strain on uniform strain for two high strength HSLA (high 
strength, low alloy) steels is displayed in Fig. ‎2.9 [116]. Both the pre-strain and 
tensile specimen directions of the HSLA steels are the rolling direction. The true 
uniform strain for these HSLA steels decreased sharply at pre-strains above 2%. The 
true uniform strain used here excludes elastic strains and strains arising from 
inhomogeneous plastic deformation (i.e. Lüders strain), and thus represents 
homogeneous plastic deformation [116]. 
 
Fig. ‎2.9 Effect of pre-strain on true uniform strain of HSLA steels [116]. 
Pre-strain introduced by cold rolling up to 9.2% is reported to decrease critical true 
fracture strain of cylindrical notched tension specimens in low-carbon steel by a 
factor of approximately 2.5 [117].  
2.4 Effect of strain ageing on mechanical properties of pipeline steels 
FBE coated line pipe product is always associated with the strain ageing 
phenomenon, because the steel experiences straining during pipe forming and any 
expansion, and ageing during subsequent FBE coating. The coating is applied on 
line pipe before pipeline construction in order to protect steel line pipe from 
corrosion. During the coating process, the pipe is usually heated to a certain 
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temperature, typical of 220 °C to 260 °C for FBE coating. FBE pipe have two kinds: 
One layer and two layers pipe. FBE dual layers pipe is recommended for pipeline 
systems that operate in tough environment, such as offshore pipelines, for its high 
performance on impact resistance and flexibility. An alternate coating method is 
called 3PE coating, which applies an adhesive layer after FBE coating, follows by 
an outer layer of polyethylene (PE). 
A large number of experiments [118-127] have shown that the thermal process 
during coating changes the mechanical properties of line pipe steels: an increase in 
YS and Y/T, a decrease in UE and a change in the shape of the tensile curve. Typical 
stress-strain curves before and after coating can be seen in Fig. ‎2.10 [125]. It can be 
observed from the figure that the YS of the material has significantly increased, 
whereas the UTS has remained virtually unchanged. As a result, Y/T has increased 
significantly. UE and elongation to failure are both slightly reduced. 
It has been reported that for X70 line pipe steel, the transverse YS increased by 
around 50 MPa or 10%, and the Y/T ratio increased from around 0.87 to more than 
0.93 after FBE coating at about 250 °C for only a few minutes [121]. 
 
Fig. ‎2.10 Comparison of stress-strain curves in the as-received and PE-aged 
conditions (transverse round bar specimen) [125]. 
The effect of strain ageing has been observed in virtually every grade of line pipe 
steels. The mechanical properties of X52NS and X65QO are shown in Fig. ‎2.11 and 
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Table ‎2.1 [120]. As seen in Fig. ‎2.11, with the increase of pre-strain, the strength 
increases remarkably while the elongation and impact toughness decreases slightly. 
It is worth noting that the elongation of X65QO with 7.5% pre-strain dramatically 
decreases and reaches about 1% due to the occurrence of brittle fracture, as shown in 
Fig. ‎2.11(b). The Y/T ratio of X65QO with pre-strains of 2.5%, 5.0% and 7.5% are 
0.963, 1.0 and 1.0, respectively and corresponding that of X52NS were 0.879, 0.947 
and 0.970, respectively. Clearly, the Y/T ratios of X65QO with different pre-strains 
are significantly higher than that of X52NS. It is well known that the Y/T ratio of 
sample is a key factor for the strain-based design applications, so strain aging 
resistance of X52NS is, to a great extent, better than that of X65QO. 
 
Fig. ‎2.11 Effect of strain ageing on mechanical properties: (a) stress-strain curves of 
X52NS; (b) stress-strain curves of X65QO [120]. 
Table ‎2.1 Effect of strain ageing on mechanical properties of X52NS and X65QO 
[120]. 
 
Fig. ‎2.12 shows the room temperature stress–strain curve of the X60 pipeline steel 
[128], from which the YS, UTS, UE, TE, and Y/T ratio values were measured, as 
shown in Table ‎2.2 [128]. All the tensile curves of the steels showed continuous 
2 Literature review 
24 
 
yielding behaviours. From the tensile properties of the steels before the thermal 
aging processes, the YS was 438 MPa, which satisfied the requirement of the API 
X60 strength level. The YS, UTS, and Y/T ratio increased after thermal aging at 473 
K and 523 K (200 °C and 250 °C), and the values increased with the increasing 
thermal aging temperature, whereas the UE and TE decreased with the increasing 
thermal aging temperature. The decrease in the UE of the steel before and after the 
thermal aging processes was small (1.4 to 2.5 pct) [128].  
 
Fig. ‎2.12 Engineering stress-engineering strain curves obtained from the room 
temperature tensile test of X60 pipeline steel before and after thermal ageing at 
473K and 523K [128]. 




The mechanical properties of the ageing X70 pipe specimens are shown in Fig. ‎2.13 
and Table ‎2.3 [119], with each mechanical property being represented by the 
average of two tests, and it can be seen as followed, the pipe with a ferrite/martensite 
dual-phase microstructure still showed an excellent combinations of mechanical 
properties after aging. In particular, the yield ratios were all below 0.77, satisfying 
the requirement of high deformability. As shown in Table ‎2.3, as the aging 
proceeded, compared with the unaged sample, the tensile properties such as tensile 
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strength, UE and impact toughness did not experience significant change. 
Fig. ‎2.13(a) shows the tensile curves of the pipe of unaged sample and samples aged 
at 200-250 °C for 15 min, which did not display obvious difference among these 
curves, indicating the less influence of aging on tensile properties in the investigated 
age condition. Though the aging time reached 15 min and temperature reached 250 
°C, the pipe still exhibited continuous yielding behaviour. As shown in Fig. ‎2.13(b), 
only small differences in hardness could be found among samples subjected to 
different aging treatment, if the error bars were taken into account. The results 
exhibited slightly higher YS at 15 min than that at 5 min, leading to the slight 
increase of yield ratio, which could be seen visually in Fig. ‎2.13(c). 
 
 




Fig. ‎2.13 Effect of ageing time and ageing temperature on mechanical properties: (a) 
stress-strain curves; (b) hardness; (c) yield (Y/T) ratio [119]. 




Fig. ‎2.14 shows stress-strain curves of X80 after pre-straining at 2% and ageing at 
170 °C for 20 min. It can be seen that even for ageing at relatively low temperatures, 
the increment in YS is still significant. 




Fig. ‎2.14 The effect of strain ageing on X80 [127] 
Fig. ‎2.15 shows the stress-strain curves of X100 for both longitudinal (L) and 
transverse (T) directions and for both aged (at 240 °C) and as-received conditions. It 
can be seen that the effects of ageing are significant, especially for the transverse 
direction (TD) specimens. It also indicates that ageing does not go fully to 
completion after a single ageing cycle (T-Aged 1) as there still can be seen stress 
increment after a second ageing cycle (T-Aged 2). 
 
Fig. ‎2.15 The effect of strain ageing on X100 [126] 
As shown in Fig. ‎2.15, the effects of ageing in TD and longitudinal direction are 
different. Usually, the transverse properties are affected more significantly than the 
longitudinal properties. The reason is because the strain paths experienced during 
pipe forming is different in the transverse and longitudinal direction. Though the 
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strain paths for different pipe forming methods, such as UOE, Electric Resistance 
Welded (ERW) and spiral pipe, are different, the strain level accumulated during 
pipe forming is generally larger in the TD of the pipe. Therefore, significant 
anisotropy can be observed in tensile properties after ageing. Fig. ‎2.16 shows an 
example of pipe tensile properties in transverse and longitudinal directions after 
ageing [122]. It can be seen that the ageing effect is more pronounced in the TD. 
The discontinuous yielding and the Lüders plateau for the TD specimens is distinct. 
The longitudinal direction specimens exhibit a gradual transition from elastic to 
plastic deformation and a much lower YS. 
 
Fig. ‎2.16 Ageing induced anisotropy of mechanical properties for X100 (UOE pipe, 
round bar specimens) [122]. 
It is also known that strain ageing is accompanied by a decrease in fracture 
toughness, which is usually reflected by an increase in the brittle transition 
temperature (BTT) [80]. It can be seen in Fig. ‎2.17(a) that the energy required to 
break the specimens seems to be smaller in the 5% pre-strained plus aged state than 
for the 5% pre-strained, and than for the base metal. Fig. ‎2.17(b) shows that the pre-
strain and ageing result in a transition of the ductile-to-brittle transition temperature 
towards higher temperatures. 
Efforts have been made to develop steels with resistance to strain ageing. JFE Steel 
Corporation has developed a Heat-treatment On-line Process (HOP) technique to 
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produce steel with bainite and martensite-austenite (MA) constituent microstructure 
which exhibited excellent resistance to strain aged hardening. Fig. ‎2.18 shows the 
tensile curves of conventional thermo-mechanical controlled processed (TMCP) and 
the HOP processed steels before and after ageing simulation. It can be seen that the 






Fig. ‎2.17 (a) Load-displacement curves for Charpy test and (b) Charpy fracture 
energy transition curves on a C-Mn steel base metal, 5% pre-strained and pre-
strained plus aged specimens [80]. 




Fig. ‎2.18 Stress-strain curves before and after coating simulation [129]. 
Ref. [128] claimed that by using heavy reduction and controlled cooling to obtain 
fine MA constituent could improve the strain ageing resistance of X80 steel. 
Fig. ‎2.19 shows an example of the influence of finishing cooling temperature on the 
tensile stress-strain curves. It can be seen that the pipe made with plates with high 
finish cooling temperature has better strain ageing resistance. 
  
(a) (b) 
Fig. ‎2.19 Stress-strain curves of X80 steel pipe after coating simulation. The pipe 
was made with plates produced with (a) high and (b) low finish cooling temperature. 
Although there are reports like the aforementioned claiming that the strain ageing 
effect can be improved, the line pipe steels currently in use in industry are still 
susceptible to strain ageing. 
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2.5 Effect of strain ageing on microstructure of pipeline steels 
Fig. ‎2.20 shows TEM micrographs of the as-rolled and pre-strained (1%, 2% and 
3%) and 473 K aged specimens [1]. As shown in Fig. ‎2.20(a), the as-rolled 
microstructure is mainly composed of non-equiaxed lath ferrite, in the form of 
parallel platelets with a width of 250-400 nm, containing a large number of 
substructures and high density dislocations. With the increase of pre-strain from 1% 
to 3%, although there is no change in grain size, the density of dislocations in the 
parallel platelets increases gradually, as shown in Fig. ‎2.20(b-d). In the case of 3% 
pre-strain, in particular, sub-laths with a width of 30-50 nm, which are not entirely 
parallel but intersected with each other, clearly appear in the platelets, as illustrated 
in Fig. ‎2.20(d). The grain boundary misorientations of the sub-laths are mostly less 
than 15 °, indicating low-angle grain boundaries (LAGBs). 
 
Fig. ‎2.20 TEM micrographs of the as-rolled (a), 1% (b), 2% (c) and 3% (d) pre-
strained and 473 K aged specimens [1]. 
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As seen in Fig. ‎2.21, the martensite islands are located in the ferrite grain 
boundaries. Since these martensite regions are of high strength due to their carbon 
content and their highly dislocated structure, dislocations will have difficulty in 
propagating through these regions. This will result in large dislocation pile-ups at 
the ferrite martensite interface; the stresses from these pile-ups will cause the 
martensite to deform and so maintain the integrity of the dual phase structure. If the 
martensite did not deform readily there would be fracturing both within the 
martensite regions and at the martensite/ferrite interface. A metallographic 
examination of a tensile specimen that had been given 4% pre-strain revealed no 
sign of premature failure. This may indicate the existence of grain boundary 
hardening due to the presence of strong but deformable martensite particle in the 
boundaries. 
YS with various ageing temperature was determined as shown in Fig. ‎2.22. YS 
increased with the increase in ageing temperature up to ~200 °C and then decreased 
at higher temperature of 250 °C. The increase in YS with ageing temperature is the 
result of SSA effects that occurred due to interaction between dislocations and 
dissolved interstitial solute atoms, principally nitrogen and carbon. 
As mentioned, the increase in YS on unloading and ageing is the most universal 
indication of strain ageing. There may also be an increase in UTS and a decrease in 
elongation and reduction of area, but these do not always take place. Therefore, UTS 
and the percentage of elongations were calculated for different ageing temperatures 
in order to see the effect of strain ageing. Plots of UTS versus ageing temperature 
are presented in Fig. ‎2.23(a). The UTS first decreased with increasing aging 
temperature, reaching a minimum at 100 °C; it then increased with increasing 
temperature and reached a maximum at 200 °C before decreasing with still further 
increase in temperature. 
Variations in elongation to fracture (%) as a function of ageing temperatures are also 
plotted in Fig. ‎2.23(b). The minima in ductility were observed at ageing 
temperatures of 100-200 °C. This means that at this temperature range, the effect of 
SSA is dominant. At an ageing temperature of 250 °C, UTS decreased but 
elongation to fracture increased. This indicates that softening effect is dominant at 
250 °C. However, Davis showed that softening of martensite by tempering will 
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Fig. ‎2.21 Microstructures of steel after annealing at (a) 735 °C and (b) 780 °C for 
15min and quenching in cold water. 








Fig. ‎2.23 Effect of martensite by volumes and ageing temperatures on changes in (a) 
UTS and (b) percentage of elongation to fracture. 
The UOE pipe dimensions, the nominal levels of Mn, N and Ti and the nominal 
C/Nb ratio, for each steel are shown in Table ‎2.4 [78]. 
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Table ‎2.4 Nominal UOE pipe steel specifications [78]. 
Steel Diameter / mm Wall thickness / mm Mn / wt-% N / ppm Ti / wt-% C/Nb ratio 
A 914 19.1 1.60 40 0.014 0.6 
B 914 19.0 1.65 40 0.013 1.2 
C 914 20.4 1.59 < 40 0.017 1.8 
The as-received microstructures for all three steels at the inner diameter (ID), centre 
line (CL) and outer diameter (OD) positions for the 90° location are shown in 
Fig. ‎2.24. The microstructure of Steel A consists of needle shaped acicular ferrite 
(AF in Fig. ‎2.24), polygonal ferrite (PF in Fig. ‎2.24) and a small amount of pearlite 
(P in Fig. ‎2.24). Steel B consists of AF and PF. The Steel C microstructure consists 
of AF, ferrite and extensive amounts of pearlite. Qualitatively, the microstructure for 
Steel C is less uniform across the wall thickness (relative to Steel A and B) and 
exhibits a larger grain size at the CL versus either the OD or ID positions. The 
through wall thickness microstructures at the 180° location, for all three steels, are 
similar to those shown in Fig. ‎2.24 at the 90° location. 
 
Fig. ‎2.24 Microstructures for Steels A, B and C at the ID, CL and OD locations [78]. 
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Fig. ‎2.25 shows microstructure containing dislocations of three forms of X100 steel 
sample [131]. Microstructures of steel pipe (Fig. ‎2.25 (c)) are composed of refined 
and elongated ferrite (a few μm) and upper bainite similar to steel plate (Fig. ‎2.25 
(a-b)). Bainite has lath-type grain and carbides in grain boundary. Also, it has many 
LAGBs due to high dislocation density and dislocation rearrangement during 
transformation. However, in steel pipe, multiplication of dislocation occurs due to 
UOE piping process causing strain. Therefore, subgrain boundary and dislocation 
tangles are observed in some ferrite grains of steel pipe. 
 
Fig. ‎2.25 Micrograph shows dislocation structures in (a) ferrite in steel plate, (b) 
bainite in steel plate, (c) ferrite in steel pipe and (d) ferrite in coated pipe. The most 
dislocations are determined as a/2<111> screw type irrespective of phases. And the 
a<001> edge component is observed in dislocation cell walls in steel pipe and 
coated pipe [131]. 
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2.6 Influence of strain ageing on pipe integrity 
As stressed in previous sections, strain ageing increases YS and Y/T ratio, and 
reduces UE of line pipe steels. These changes are considered to have an adverse 
effect on the performance of a pipeline.  
Y/T ratio is considered as a convenient parameter to express a material’s ability for 
plastic deformation. It has been recognised as an important factor in the pipeline 
steel industry and is used frequently in standards and material specifications. 
Historically, a high Y/T ratio has been considered as providing a low capacity for 
plastic deformation and hence an unsafe margin against fracture. High values of Y/T 
are thought to have detrimental effects on both fracture initiation (plastic failure) and 
fracture propagation.  
Ref. [132] proposed a new fracture propagation model for predicting the arrest 
toughness (minimum toughness required to arrest a running fracture) for high 
strength line pipe. Fig. ‎2.26 shows the relationship between arrest toughness and 
Y/T ratio. It can be seen that the arrest toughness is strongly dependent on Y/T ratio 
and the influence is non-linear. When Y/T ratio exceeds 0.93, the predicted arrest 
toughness rises dramatically with increasing Y/T ratio. On this basis, it is considered 
that high Y/T ratio significantly influences the integrity and safety of the pipeline’s 
operation. 
 
Fig. ‎2.26 Predicted arrest toughness as a function of Y/T [132]. 
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Ref. [133] reported that the deformation capacity of line pipe without defects shows 
a steadily decreasing circumferential failure strain as Y/T ratio increases. At 
Y/T=0.95, the minimum failure strain is ~2%. In the presence of deep defects, the 
influence of Y/T ratio on defect tolerance is little once Y/T ratio is above 0.85. For 
shallow defects, the defect tolerance reduces significantly from Y/T ratio above 
0.90.  
The hydrostatic burst test is a full-scale test that is used to verify pipe integrity. Ref. 
[125] reported the hydrostatic burst results of different grades of pipe in as-received 
and aged conditions. Fig. ‎2.27 shows burst pressure and volume relationship of as-
received and aged X65 pipe. It can be seen that the aged pipe has higher yield point 
but the total volume to burst is much smaller than the as-received pipe. Fig. ‎2.28 
shows the relationship between average circumferential elongation and Y/T ratio. It 
can be seen that for a certain grade of steel pipe, the aged pipe always show larger 
Y/T ratio and smaller average circumferential elongation, indicating that the 
deformation capability of aged pipe is worse than the as-received pipe [125]. 
 
Fig. ‎2.27 Relationship between internal pressure and volume of water during burst 
test [125]. 




Fig. ‎2.28 Relationship between average circumferential elongation on pipe and Y/T 
determined by transverse round-bar specimen [125]. 
Due to the strong dependence of line pipe’s fracture properties on Y/T ratio, many 
pipeline standards and specifications restrict Y/T ratio below a certain value. API 5L 
specifies that Y/T ratio shall not exceed 0.93 [134]. EPRG (European Pipeline 
Working Group) specifies that maximum allowed Y/T ratio should be in the range 
of 0.88 to 0.93 depending on pipe wall thickness [135]. In Australia Standard 
AS2885.5-2012, hoop failure strain is assumed to be zero when Y/T ratio is above 
0.96, as shown in Fig. ‎2.29 [136]. 
 
Fig. ‎2.29 Hoop failure strain vs. Y/T ratio showing minimum fit [136]. 
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Beside the influence of Y/T ratio on fracture, Lüders behaviour associated with pipe 
strain ageing is considered to significantly reduce the pipe buckling load resistance 
[126]. Strain ageing is also considered to have an effect on weld properties. It has 
been found that there could be significant changes to the flow behaviour of the weld 
metal depending on its alloying content, thermal and mechanical history [137, 138]. 
2.7 Summary 
Section 2.1 introduces the phenomenon of strain ageing. There are two types of 
strain ageing, SSA and DSA. SSA means the change of mechanical properties when 
materials are loaded to some strain, unloaded and aged for some time, then reloaded. 
DSA means generation of serrated yielding in the process of tensile test. Typical 
strain ageing of low-carbon steel is also introduced in this section. 
Section 2.2 describes the mechanism of strain ageing. Yield point and strain ageing 
effect in steel are mainly caused by the presence of carbon and nitrogen interstitial 
atoms, which lock dislocations under appropriate conditions. Solute atoms are able 
to interact with the shear and hydrostatic stress field of dislocations, diffuse to the 
position of dislocations. The interaction of interstitial atoms and dislocation result in 
the origin of yield point and the formation of YPE. The SSA of low carbon steel 
caused by pre-straining is also explained in this section. 
Section 2.3 presents the effect of pre-straining on pipeline steel. Pre-straining 
increases YS and Y/T ratio, decreases UE and TE. 
Section 2.4 introduces the effect of strain ageing on mechanical properties of 
pipeline steel. A large number of experiments show that the thermal process during 
coating changes the mechanical properties of line pipe steels: an increase in YS and 
Y/T, a decrease in UE and a change in the shape of the tensile curve. 
Section 2.5 describes the effect of strain ageing on microstructure of pipeline steel.  
The density of dislocations increases with the increase of strain, which further 
results in strengthening of steel. Pipeline steel bears different stress field after pipe 
forming, which causes the slightly different microstructure along the direction of 
wall thickness. 
2 Literature review 
41 
 
Section 2.6 presents the influence of strain ageing on pipe integrity. Y/T ratio has 
been recognised as an important factor in the pipeline steel industry and is used 
frequently in standards and material specifications. Strain ageing increases the Y/T 
ratio, and high value of Y/T are thought to have detrimental effects on both fracture 
initiation and fracture propagation. 
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3 EXPERIMENTAL AND ANALYTICAL 
INSTRUMENTS 
 
This chapter briefly presents the experimental procedure and the instruments used in 
the current study. 
3.1 Strain ageing simulation 
3.1.1  Pre-straining 
To investigate the effect of pre-straining on the properties of pipeline steels, standard 
tensile specimens were machined from each steel and were subjected to pre-straining 
prior to tensile test. Fig. ‎3.1 shows the examples of tensile specimens after pre-
straining. A 500 kN Instron 8033 universal testing machine and the standard tensile 
testing procedure was used to conduct the pre-straining. The tests were performed at 




 until the pre-set strain values were 
reached, typical of 1.0%, 2.0%, 2.5%, and 5.0%. The strain was measured by an 
extensometer attached to the specimen. The specimens were then removed from the 
instrument for subsequent treatment or test. 
 
Fig. ‎3.1 Examples of tensile specimens after pre-straining. 
3.1.2 Flattening 
In order to machine standard flatten bar tensile specimens of a pipe, pipe sections 
need to be flattened first. A pair of jigs with a specific curvature was designed to 
flatten the pipe sections, considering the spring back after flattening, as shown in 
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Fig. ‎3.2. All flattening was performed in a single pass. No over-flattening was 
observed. Fig. ‎3.3 shows examples of a pipe section before and after flattening.  
 






Fig. ‎3.3 Photos of pipe sections (a) before and (b) after flattening. 
3.1.3 Ageing 
A LABEC oven was used to conduct ageing treatment for X65 strip, X65 bare pipe, 
X70 (thickness 6.8 mm) strip, and X70 (thickness 6.8 mm) bare pipe. The oven was 
heated to a pre-set temperature and stabilised first and then the specimens were put 
in the oven. A temperature drop occurred and it needed ~30 min to recover. The 
holding time was counted after the temperature recovered to the pre-set temperature. 
However, it should be noted that there was overheating because the temperature kept 
increasing within a certain time. The specimens were air-cooled after taking out 
from the oven. The ageing temperatures were 170 °C, 200 °C, 230 °C, and 260 °C 
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depending on the specimen type. The ageing time was 30 min in most cases and 10 
min in some conditions. 
A LABEC oil bath was used to conduct ageing treatment for X70 (thickness 9.1 
mm). The oil was heated to a pre-set temperature first. The specimens were put into 
the oil bath after the temperature was stable. Plenty of space was kept between the 
specimens to allow maximum contact area, as shown in Fig. ‎3.4. There was a small 
temperature drop after immersion of the specimens, but it recovered within a few 
minutes. Afterwards 10 min was counted before the specimens were taken out for 
water quenching. The ageing temperatures were 200 °C, 230 °C and 260 °C in this 
case. 
 
Fig. ‎3.4 Ageing in an oil bath. 
3.2 Mechanical properties testing 
3.2.1 Tensile test 
Table ‎3.1 shows the materials subjected to tensile test and the corresponding 
treatment that was performed on them. The materials involve X65, X70 and X80. 
For X65 and X70, both strip and bare pipe were investigated. The strips were 
subjected to pre-straining first and then ageing to simulate strain ageing in pipe 
forming and coating. The pipe sections were subjected to ageing first and then 
flattening or in a reverse order to simulate coating and investigate the effect of 
flattening. For X80, thin specimens were stratified along the thickness direction to 
investigate the material inhomogeneity. 
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Table ‎3.1 Lists of materials subjected to tensile tests and their treatment. 











Outer diameter  
508 mm 












260 °C 30 min 











Outer diameter  
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260 °C 30 min 
























X80 Pipe Thickness 26 mm Stratified     
For X65 and X70, tensile specimens were machined according to ASTM E8/E8M-
11. The gauge length used was 50 mm (parallel length of 76 mm) and the gauge 
width was 38 mm, as shown in Fig. ‎3.5. The specimens for stratified X80 were 
smaller in scale and the detailed dimensions were given in Chapter 4. 
 
Fig. ‎3.5 Dimensions of tensile specimens for X65 and X70. 
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A 500 kN Instron 8033 universal testing machine was used to conduct tensile testing 
for X65 strip, X65 bare pipe, X70 strip (thickness 6.8 mm), X70 bare pipe (thickness 
6.8 mm) and X70 strip (thickness 9.1 mm). An initial strain rate of 1 × 10
-3
/s was 
used for the tests. 
An Instron 5566 tensile testing machine was used to conduct tensile testing for X80 
pipe slices at a crosshead speed of 1 mm/min. 
3.2.2 Ring expansion test 
Measurement of YS in the TD of a pipe can be difficult because of its curved nature. 
For thick walled pipe, round bar specimens can be machined with their gauge region 
parallel to the tangent direction which is close to the curvature. For thin walled pipe, 
however, the thickness is generally too small to machine round bar specimens and 
the flattened specimen is not accurate due to the Bauschinger effect during 
flattening. Ring expansion (RE) test is a good replacement in this situation. RE test 
involves obtaining a ring section from the pipe and using an equipment which 
expands in the circumferential direction. In this study, RE test was conducted in a 
RE tester in Baoshan Iron & Steel Co. Ltd (Baosteel) using a pipe ring with an axial 
length of 75 mm. Fig. ‎3.6 shows an example of the RE test set up with a pipe ring 
and a chain extensometer for strain measurement. The ring specimen deforms with 
the expansion of the mold inside until the test stops at 1.0% strain. 
 
Fig. ‎3.6 RE test set up with a pipe ring and a chain extensometer for strain 
measurement. 
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3.2.3 Digital image correlation system 
Digital image correlation (DIC) is capable of providing accurate strain distribution 
on the specimen surface during the entire tensile testing process. In order to use the 
DIC technique, the surface of the tensile specimens is painted with speckles. DIC 
correlates two digital images of the speckled surfaces, one before deformation and 
one after, from which the displacement of each speckles is determined and the 
corresponding strain components can be calculated. When using two cameras, DIC 
has the capability to construct a 3D specimen profile. It can also take measurements 
on round-bar tensile specimens or on curved sample surfaces such as pipe surfaces 
in tests like RE test or hydrostatic test. DIC has been applied to study Lüders bands 
and Portevin-Le Chatelier bands in tensile tests successfully [139]. 
In this study, strain distribution during tensile test was measured by DANTEC DIC 
system. Prior to measurement, the surface of the specimen’s gauge region was 
lightly sanded to remove the rust layer.  The surface was then spray painted with a 
matte, black background and small random speckles of matte, white paint. DIC with 
two cameras was used to record the strain distribution on the whole surface of the 
specimens during tensile testing, as shown in Fig. ‎3.7. 
 
Fig. ‎3.7 DIC set up with two cameras for tensile tests. 
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3.2.4 Hardness test 
A DuraScan 70 automatic hardness tester and a TIME TH715 manual microhardness 
tester were used for hardness test in this work. The samples for hardness test were 
hot mounted and polished with a 1 µm surface finish. Average hardness was 
estimated over five measurements at the same thickness levels. Through thickness 
hardness was measured with a distance of 250 µm between indents. 
3.3 Microstructure and texture characterisation 
3.3.1 Optical microscopy 
A Leica DMR optical microscope (OM) was used to take optical micrographs for 
X70 (thickness 6.8 mm) strip, bare pipe and coated pipe at five different thickness 
position of outer surface, outer quarter, centre, inner quarter, and inner surface. The 
samples were hot mounted, ground and polished to a 1 µm surface finish and then 
etched in 2.5% Nital solution before observing under the OM.   
3.3.2 X-ray diffraction 
X-ray diffraction (XRD) measurements were performed with a GBC MMA X-ray 
diffractometer using monochromatic Cu Kα radiation at an accelerating voltage of 
35 kV and a current of 28.6 mA in a scanning step of 0.02° and a scanning speed of 
4 °/min in the range of 30-150°. In order to estimate dislocation density 
quantitatively, the equation of Williamson-Hall [140] was used for calculation of 
dislocation density by using the XRD peak broadening [141, 142].  
3.3.3 Electron backscatter diffraction 
Electron backscatter diffraction (EBSD) was conducted on these samples on a JEOL 
JSM-7001F field emission gun-scanning electron microscope (FEG-SEM) using the 
Oxford Instruments AZtec acquisition software and operating at 15 kV, ~ 5 nA and 
24 mm working distance. The samples were hot mounted, then subjected to 
mechanical grinding and polishing, and then were electropolished in a 95% acetic 
acid and 5% perchloric acid electrolyte for 12 s at 30 V using Struers Lectropol-3. 
The post-processing of the EBSD maps was undertaken using Oxford Instruments 
Channel-5 software. 
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3.4 Internal friction test 
Internal friction appears to be one of the most microstructure-sensitive methods for 
analysing interstitial atoms. For metals, a low-frequency torsion pendulum is 
generally used to measure the internal friction because of its high sensitivity. 
Fig. ‎3.8 presents a schematic illustration of a torsion pendulum apparatus. Two 
modes: resonant bandwidth and free decay can be achieved in this type of apparatus. 
For materials with relatively small internal friction values, free decay mode is 
preferred. In the test, an excitation signal is generated by a computer program, the 
signal is transmitted to an excitation coil and start an oscillation torque. This torque 
forces the test sample to vibrate through the vertical pendulum. For free decay mode, 
the excitation is turned off after the sample achieves maximum amplitude and the 
sample vibrates in a free decay motion [1, 143]. In this case, the measured quantity 
is the logarithmic decrement δ defined as 
 δ = ln(𝐴𝑛 𝐴𝑛+1⁄ )  3.1) 
 
where 𝐴𝑛 and 𝐴𝑛+1 are the vibration amplitudes in two successive cycles. Internal 
friction Q−1 is usually determined by 
 Q−1 = δ 𝜋⁄   3.2) 
 
The Snoek peak is obtained by removing the background of internal friction profiles. 
The carbon interstitial solution concentration can be determined by conversion of 









−1  3.3) 
 




 is the 
carbon Snoek peak height with a unit of 10−4 [144]. 




Fig. ‎3.8 Schematic illustration of internal friction apparatus. [143] 
The samples for internal friction tests in this work were strip with a dimension of 50 
× 2 × 1 mm3. The samples were then ground and polished on the four large surfaces. 
Four samples were measured in each type of material. The internal friction was 
measured in a free decay mode by a multi-functional internal friction apparatus in 
the Laboratory of Internal Friction and Defects in Solids, Hefei Institutes of Physical 
Science. Q−1  was recorded as a function of temperature at a heating rate of 2 
°C/min. The test temperature range was set as -20 °C to 120 °C and the excitation 
frequency was ~ 2 Hz. The obtained curve was then post-processed to remove the 
background in order to obtain the Snoek peak height. 
3.5 Full scale burst test 
Full scale burst test was conducted on X70 (thickness of 6.8 mm) pipe. Four pipes 
were tested: bare plain, coated plain, bare notched and coated notched. The four 
pipes were tested in the hydrostatic test bunker of Baosteel. The pipes were sealed at 
both ends using specially designed end caps and were pressurised with water 
injection by a hydraulic pump until the pipe burst. The ambient temperature during 
the experiments was constant. The pressure (P) and volume (V) data were recorded 
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during the pressurising process. The hoop strain of the pipe was monitored by Pi 
tape, strain gauge, DIC and clip gauge. The burst pressure and failure strain were 
compared between the four different test conditions. Fig. ‎3.9 presents the photos of 
pipe before and after burst test. 
  
(a) (b) 
Fig. ‎3.9 Photos of a pipe (a) before and (b) after hydrostatic burst test. 
 




MECHANICAL PROPERITES OF X80  
 
It is well known that yield drop and Lüders plateau are characteristics of low carbon 
steel. After strain ageing, these characteristics change and depending on the straining 
levels and ageing condition, these changes also vary. This complexity is more 
pronounced in pipeline steel, especially the formed pipe, due to their property non-
uniformity which is caused by a complex strain and thermal history. In this chapter, 
through-thickness tensile tests were performed on X80 pipe to investigate its non-
uniformity in mechanical properties. The observed Lüders band was analysed in 
detail to reveal the evolution of microstructure and mechanical properties associated 
with the Lüders band. 
4.1 Experimental procedure 
An X80 pipe (outer diameter: 1442 mm, wall thickness: 26 mm) was investigated, 
and its chemical composition is listed in Table ‎4.1. It is well known that this steel is 
characterised by a low carbon content with the additions of Mn, Cr, Mo, Ni and 
microalloying elements (Nb and Ti). Through TMCP, the average mechanical 
properties along the TD of the hot rolled plate are shown in Table ‎4.2. 
Table ‎4.1 Chemical composition of the investigated X80 (wt%). 
C Si Mn P S Cu Al Cr Ni Nb Ti Fe 
0.064 0.22 1.72 0.006 0.002 0.23 0.027 0.22 0.206 0.068 0.0158 Bal. 
Table ‎4.2 Mechanical properties of the investigated X80. 
Sample orientation 
Tensile properties 
Rt0.5, MPa  Rm, MPa  UEL,%  Y/T ratio 
Transverse 508 717 7.5 0.71 
Thin slices with a thickness of 1 mm were first cut across the pipe thickness along 
the TD shown in Fig. ‎4.1. Dog bone shaped tensile samples with gauge lengths of 25 
mm and 50 mm were then machined from the slices according to ASTM E8, as 
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shown in Fig. ‎4.2. The samples were tested on an Instron 5566 tensile testing 
machine at room temperature using a crosshead speed of 1 mm/min. The specimens 
with gauge length of 25 mm were used to investigate the variation of through-
thickness mechanical properties. Some of the tests for the specimens with gauge 
length of 50 mm were stopped at the Lüders elongation to investigate the change of 
microstructure and mechanical properties before and after Lüders band passing by. 
 
 
Fig. ‎4.1 Schematic of sampling of tensile specimens. 
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DIC was applied to measure the strain distribution during the tensile tests. Lüders 
bands with higher local strain can be easily identified in the DIC picture, as shown 
in Fig. ‎4.3. 
 
Fig. ‎4.3 Strain changing of different stages in stress-strain curve. 
4.2 Through thickness tensile properties 
Fig. ‎4.4 shows the engineering stress-strain curves of X80 pipe slices (gauge length 
25 mm) from outer layer 01 to inner layer 12. The biggest difference among these 
samples is the TE. The middle layer has the minimum TE. None of the samples 
show sharp yield drop, however, some samples do show Lüders plateau. For 
instance, sample 10 as shown in Fig. ‎4.4(b). 




(a) Engineering stress-strain curves of X80 slice, 1-6: outer layer to middle layer 
 
(b) Engineering stress-strain curves of X80 slice, 7-12: middle layer to inner layer 
Fig. ‎4.4 Engineering stress-strain curves of X80 slice (gauge length 25 mm) from 
outer layer 01 to inner layer 12. 
Fig. ‎4.5 shows the variations of YS and UTS of X80 pipe slice from outer layer 1 to 
inner layer 12. The value of UTS has a small fluctuation and the smallest value 
appears at the middle layer 07. But the value of YS has a big fluctuation. The 
biggest value appears at the out layer 01. From outer to middle, the value gradually 
decreases and a smaller value appears at the middle layer 07, but the smallest value 
appears at the layer 10. Then, inner layer has a bigger value compared to middle 
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layer. The reason of that middle layer has smaller YS and UTS is that X80 strip is a 
continuous casting product and centreline segregation exists in the strip. 
 
Fig. ‎4.5 Variations of YS and UTS of X80 slice from outer layer 01 to inner layer 
12. 
Fig. ‎4.6 shows the variations of UE and TE of X80 pipe slice from outer layer 01 to 
inner layer 12. The value of UE has a small fluctuation and the smallest value 
appears at the middle layer 07, which is same to UTS. From outer layer to middle 
layer, the biggest value is not the outermost layer 01. Secondary outer layer 02 has 
the biggest UE value. From middle layer to inner layer, similar to outer to middle, 
the secondary inner layer 11 has the biggest UE value. The value of TE has a big 
fluctuation. The smallest value also appears at the middle layer 07, but the value is 
nearly same to that of UE. Similarly, secondary outer layer and secondary inner 
layer have the two bigger TE values. The probable reason is also the centreline 
segregation, which results in the smallest values of UE and TE appear at the middle 
layer. 




Fig. ‎4.6 Variations of UE and TE of X80 slice from outer layer 01 to inner layer 12. 
Fig. ‎4.7 shows the variation of Y/T ratio of X80 pipe slice from outer layer to inner 
layer. The variation is similar to that of YS. From outer layer 01 to middle layer 06, 
the value gradually reduces. Then, a smaller value appears at the layer 07. Layer 08 
has a small rebound, but layer 09 continues to reduce until the smallest value 
appears at the layer 10. Then, sharp increase appears at the layer 11 and 12. The 
shape of Y/T ratio curve proves again that Y/T ratio has a strong relationship with 
YS. 
 
Fig. ‎4.7 Variation of Y/T ratio of X80 slice from outer layer 01 to inner layer 12. 
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Fig. ‎4.8 shows the relationship between Y/T ratio and YS. It can be seen that outer 
layer of X80 pipe has higher YS and Y/T ratio and inner layer has lower YS and 
Y/T ratio. Y/T ratio and YS nearly presents linear relationship, which allude again to 
the consistency of Y/T ratio and YS. 
 
Fig. ‎4.8 The relationship between Y/T ratio and YS. 
Fig. ‎4.9 shows the relationship between Y/T ratio and UE. From the image, it can be 
seen that outer layers of X80 pipe have higher Y/T ratio and lower UE, and inner 
layers of X80 pipe have lower Y/T ratio and higher UE. The reverse consistency of 
Y/T and UE behaves obviously. 




Fig. ‎4.9 The relationship between Y/T ratio and UE. 
4.3 Lüders band analysis 
Fig. ‎4.10 shows the engineering stress-strain curves of X80 pipe slice (gauge length 
50 mm) from outer layer 02 to inner layer 11. For the purpose of observing Lüders 
band, testing of specimens 05-08 was terminated at certain strain values, which is in 
the propagation stage of Lüders band, in the tensile testing. Compared to Fig. ‎4.4, 
specimens of larger dimensions exhibit more obvious Lüders plateau. 
Specimens 02, 06 and 11 will be analysed in detail in the following. Fig. ‎4.11 
redraws the engineering stress-strain curves of the three specimens. It is evident that 
the mechanical behaviours at the three locations are significantly different. 
Specimen 02 exhibits a long Lüders plateau followed by a small work hardening. 
Specimen 11 has a “round house” type stress-strain curve without Lüders plateau. 
Furthermore, the Lüders plateau was also observed in the test of Specimen 06, 
which was interrupted deliberately when the strain reached about 1.1%. 




Fig. ‎4.10 Engineering stress-strain curves of X80 slices (gauge length 50 mm) from 
outer layer 02 to inner layer 11. 
 
Fig. ‎4.11 Stress-strain curves of selected specimens. 
Fig. ‎4.12 shows the variation of the strain along the tensile direction as detected by 
DIC in Specimen 06 at the moment of interruption. Two Lüders bands can be 
observed: (1) straight from the top to the bottom and (2) a fold line from the bottom 
to the top. Three specimens machined from the three locations in Specimen 06, (1) 
before, (2) on and (3) after the Lüders band (Fig. ‎4.12), were examined. These 
4 Through-thickness mechanical properties ofX80 
61 
 
specimens are named LB-1, LB-2 and LB-3 respectively, and the detailed 
explanations of the specimen selection are listed in Table ‎4.3. 
 
Fig. ‎4.12 DIC image of Specimen 06 showing Lüders band. 
Table ‎4.3 Description of sampling locations of tensile specimen with Lüders band. 
Specimen no. Description of sampling 
LB-1 Location that no Lüders band passed, i.e. before Lüders band 
LB-2 
Location that one Lüders band passed and stopped, and the 
Juncture of Lüders and non- Lüders bands, i.e. on Lüders band 
LB-3 
Location that two Lüders bands passed and interested, i.e. after 
Lüders band 
The obtained specimens were ground and polished according to the standard 
procedures, and then etched in 2% Nital solution. The microstructures were 
characterised using OM and SEM. XRD measurements were performed to estimate 
the dislocation density. EBSD was conducted to obtain the grain size distribution at 
these locations. The hardness values of these samples were also obtained. 
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4.3.1 Microstructure evolution 
Fig. ‎4.13 shows the optical micrographs of the three locations from the tensile 
specimen. The main microstructures of the X80 steels consist of acicular ferrite 
(AF), quasi-polygonal ferrite (QPF) and martensite-austenite constituent (M/A). For 
LB-3 where Lüders band passes, it has larger deformation angles compared to LB-2 
and LB-1, i.e. the deformation of LB-3 is more severe. Further, the observed 
microstructure through the OM can be verified by the SEM images (Fig. ‎4.14).  
The average grain sizes for LB-1, LB-2 and LB-3 were calculated using Channel 5 
and the values are 1.93 μm, 1.84 μm and 1.88 μm, respectively. The detailed 
statistical data are shown in Fig. ‎4.15. 
  
(a)      (b) 
 
(c) 
Fig. ‎4.13 Optical micrographs of selected locations from tensile specimen: (a) LB-1; 
(b) LB-2; (c) LB-3. 




(a)      (b) 
 
 (c) 
Fig. ‎4.14 SEM images of selected locations from tensile specimen: (a) LB-1; (b) 
LB-2; (c) LB-3. 
 
Fig. ‎4.15 Grain size distribution of three locations. 
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For LB-1, LB-2 and LB-3, the main variation in microstructure is the generation of 
slip band due to the strain difference of each location. According to Fig. ‎4.12, the 
corresponding strain rates for three locations, i.e. LB-1, LB-2 and LB-3, are 
approximately 0-0.6%, 0.8-1.8% and 1.6-2.4%, respectively. It is understandable 
that the microstructures and grain sizes are not influential to a great extent due to the 
strain of below 2.5%. However, it is recognised that the detailed microstructure and 
grain size which are determined by micro-alloying and TMCP are supposed to 
determine the generation and development of Lüders band. In addition, it should be 
noted that the number of Lüders bands appearing in the tensile experiments was not 
always the same, even the testing condition was fixed. This is because the 
appearance of Lüders bands is quite sensitive to the level of difference in stress 
concentration existing in the specimen [145]. Regarding the pipeline steels produced 
by TMCP, the ferrite microstructures can be mainly divided into polygonal ferrite 
(PF), quasi-polygonal ferrite (QF) or massive ferrite, granular bainitic ferrite (BF), 
in the orders of decreasing transformation temperatures and increasing cooling rates 
[146]. Therefore, even for single hot rolled plate, the nonuniformity cannot be 
avoided during manufacturing process even for close locations, which is supposed to 
lead to the differences in microstructure. For LB-1, LB-2 and LB-3, the precise 
distinction in terms of minor differences in microstructure is still a challenge. 
However, it can be found from Fig. ‎4.14(c) that the GPF in LB-3 is larger than the 
other two specimens. 
4.3.2 Solute atoms and dislocation density 
Fig. ‎4.16 shows the XRD profiles for the three specimens. XRD refinement was 
conducted to estimate the lattice constant. The refined lattice constants for LB-1, 
LB-2 and LB-3 are 2.8681 Å, 2.8684 Å and 2.8698 Å based on the analysis of the 
software Jade. 




Fig. ‎4.16 XRD spectrums of three selected specimens. 
It is believed that the carbon and nitrogen solute atoms pin the dislocation, resulting 
in the upper yield point and Lüders band. The increase of the lattice constant from 
LB-1 to LB-3 indicates that the pinning solute atoms have been released from the 
dislocations after the Lüders band propagates [147]. 
As well known that the generation and development of Lüders band are related to 
the change of dislocation, during tensile testing, the deformation difference in each 
location determines the final shape of the obtained stress-strain curve. In order to 
estimate dislocation density quantitatively, the equation of Williamson-Hall [140] is 
available for the prediction of dislocation density by using the XRD peak 
broadening [141, 142]. The dislocation density ρ can be assessed and calculated by 
the values of the full width at half maximum (FWHM) of the diffraction peaks. The 
peak broadening usually results from grain refinement and/or formation of 
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where β is the peak width at half maximum in rad, λ is the wave length of X-ray 
beam (0.1542 nm for Cu Kα), D is the crystallite size (D can be ignored if D > 100 
nm), ε is the lattice strain, θ is the Bragg angle and b is the Burgers vector (0.248 













). This is due to the 
fact that high strain leads to high dislocation density. 
4.3.3 Mechanical properties 
The hardness distribution of the specimens in the different locations is shown in 
Fig. ‎4.17. Even in such narrow surfaces for three selected areas, the minor hardness 
differences still exist. As can be seen, the average values of hardness change a little 
with the increase of strain. 
 
Fig. ‎4.17 Average hardness values of three specimens. 
As described in Fig. ‎4.11, the tensile specimens from the outer, middle and inner 
parts of the pipe express totally different stress-strain curves. It has been known that 
during the pipe manufacturing process, the outside of the pipe is subjected to tensile 
stress and inside to compressive stress, while the deformation is very small midway 
across the wall thickness. It can be concluded that the compressive deformation on 
the inside of the pipe can constrain the occurrence of Lüders band. It is well known 
that the temper rolling takes advantage of the directional nature of ageing behaviour 
through the suppression of the return of YPE and therefore the formation of Lüders 
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band [122]. According to the results that Elliot et al. [104] observed during the 
reversed torsion process, it is concluded that the small levels of deformation are 
sufficient to decay the dislocation structure and residual lattice strains formed during 
temper rolling. Here, the stress situation of the plate during temper rolling is similar 
with that on the inside of the pipe. 
From the through-thickness tensile properties of the hot rolled plate before piping 
listed in Table ‎4.2, it is acceptable that the pipe manufacturing process is able to 
modify the tensile properties of different layers of the plates due to the change of 
strain distribution. Schmid's law states that when a grain starts to undergo plastic 
deformation, the resolved shear stress along the slip direction should reach the 
CRSS under external stress [150, 151]. Thus, orientated grains in polycrystalline 
materials whose resolved shear stress along the slip direction reaches the yielding 
shear stress under external stress are able to undergo plastic deformation. In this 
study, the uniaxial loading induces a variety of slip systems, which enable orientated 
grains in polycrystalline materials to deform plastically, and reach CRSS before 
being broken. Generally, X80 steel has a BCC crystal structure at room temperature. 
Therefore, deformation mechanisms in X80 steel include potential slip planes on 
{110}, {112} and {123} [152], and the potential direction is <111> [153], whose 
equivalent Schmid factors for three selected locations were calculated by the 
following relation: 














where m̅ is equivalent Schmid factor related to the slip direction; θ and φ are angles 
between the loading directions and the slip plane and slip direction, respectively. 
τ𝑐𝑟𝑠𝑠 is the CRSS of deformation behaviour in polycrystal; 𝜎𝑌 is the yield stress. 𝑋0 
and 𝜆0 are the initial orientation of the slip plane and slip direction; the ratio of 
𝐿𝑖 𝐿0⁄  is the extension of the specimen. By calculation, the Schmid factors for three 
main slip systems from three selected locations are offered in Table ‎4.4. It can be 
seen that the largest Schmid factors appeared in {123} under tensile stress, which is 
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related to more dislocation slipping on this plane, and the other slip systems can be 
combined by slipping on {110} and {112}. Based on these results, the ease of the 
slip can be effectively expressed by considering the Schmid factor ratio of the {112} 
and {123} with respect to {110}, around 1.0297 and 1.0388, respectively. As the 
study has shown, the corresponding Schmid factor ratio is in the range of 1.5-2.0 
that is considered to be the critical CRSS ratio, above which both {112} and {123} 
plane and {110} plane slips are active but below which only {110} plane slip is 
active [154]. It is well acceptable that the CRSS ratio for both {112} and {123} are 
sufficiently low to allow easier activity in orientation of the {110} plane. That is to 
say, the {110} recognised as easy active slip mode would contribute to the decrease 
of dislocation arise in corresponding locations. Due to the Lüders bands passed 
through the regions of LB-2 and LB-3, the generating of irregular flow stress largely 
triggered the dislocation slipping band arise. Therefore, compared to LB-2 with less 
Lüders band, these slip behaviours induce the higher dislocation distributions in LB-
3 where the {110} plane also exhibit lower m̅  values. Furthermore, the critical 
orientation factor μ𝑐 can be used to distinguish the plastically deformed grains (soft 
orientation grains) from the grains in the elastic deformation stage (hard orientation 
grains) when yielding. If a grain whose orientation factor is larger than μ𝑐, it would 
be defined as ‘soft’ grain, otherwise ‘hard’. From Table ‎4.4, it is evident that LB-1 
has more ‘hard’ grain, which states this location is harder to deform plastically when 
comparing to LB-2 and LB-3. These results also explain why the region of LB-1 has 
lower dislocation density and hardness values than other areas. 
Table ‎4.4 Schimid factors of three main slip planes for three locations. 
Sample no. 
Slip plane 
{110} {112} {123} 
LB-1 0.434 0.445 0.449 
LB-2 0.449 0.459 0.464 
LB-3 0.439 0.452 0.456 
The combined effects of the flow stress and charactering deformation behaviours 
potentially leads to the various YS of the X80 pipeline steel, which express the 
various stress-strain curves when the Lüders bands pass. 
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It is apparent from the above discussion that what this study prefers to display is the 
innovative analysis of Lüders behaviour for X80 TMCP-typed pipeline steel. It is 
believed that the analysis is beneficial to study of strain ageing. In the near future, 
the connection of Lüders behaviour and strain ageing under varied temperatures will 
be continued. 
4.4 Summary 
This Chapter presents results of the stratified tensile test for specimens of an X80 
line pipe and the summary is as follows: 
1) The middle layer has the minimum tensile elongation. The innermost layer 
has the most obvious Lüders phenomenon. The Y/T ratio has a strong 
consistent relationship with YS. The reverse consistency between Y/T ratio 
and UE is also observed. 
2) Lüders bands are observed in the specimen. OM, XRD and EBSD 
investigations demonstrate that the microstructure, lattice constant, and 
dislocation density change when the Lüders band passes through the tensile 
test specimen. Due to the very small strain (< 2.5%) when Lüders band is 
formed, the microstructural evolution is not evident, however, there is 
inhomogeneous microstructure in some locations, which are possibly related 
to the passing of the Lüders band. 
3) Higher strain induces higher dislocation density that generates different 
pinning effects with carbon and nitrogen solute atoms, which is influential to 
the mechanical properties, after the Lüders band passes. The various 
expressions of the stress-strain curves in different locations of the tensile 
specimens can be explained by the combined effects of characterising 
deformation behaviours and the flow stress in the tested materials.  
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5 STRAIN AGEING SIMULATION OF 
X65 AND X70 
 
In order to characterise the effect of strain ageing on the properties of pipeline steel, 
strain ageing was simulated on one X65 steel strip and two X70 steel strips with 
different thicknesses using a combination of pre-straining and ageing. The tensile 
properties of the pre-straining plus ageing treated steel samples were analysed in 
detail for all the three steels. Effect of pre-strain levels, ageing temperature and 
ageing time was investigated. The yield drop and Lüders plateau phenomenon was 
studied using DIC. Effect of sample direction was also investigated by cutting 
samples from both transverse and longitudinal directions. Corresponding pipe 
sections of these steel strips were also investigated for comparison. 
5.1 Strain ageing simulation of X65 
The materials that were investigated for X65 include strip and sections of bare pipe. 
For steel pipe, ageing treatment was conducted at various temperatures with 
consideration of flattening before and after ageing. For steel strip, pre-straining was 
performed to the tensile specimens before ageing to simulate the strain ageing effect. 
Pre-straining at various pre-strain levels and ageing at a range of temperatures and 
times were performed. 
5.1.1 Experimental procedure 
The X65 pipeline steel strip and bare pipe with the thickness of 9.45 mm were 
provided by Baosteel and the chemical compositions are listed in Table ‎5.1. The 
strip was wire cut into tensile specimen with the gauge length of 50 mm and the 
width of 38 mm along the TD, as shown in Fig. ‎3.5. Then, the tensile specimens 





. After that, the strip specimens were aged at 200 °C, 230 °C, and 260 °C for 30 
min using a LABEC oven. 
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The bare pipe sections was firstly aged at 200 °C, 230 °C, and 260 °C for 30 min 
using the same oven, and then flattened and wire cut into tensile specimens with the 
same dimensions as that of strip specimens. As a comparison, a piece of pipe section 
was flattened and wire cut into tensile specimens first. Afterwards, the tensile 
specimens were aged at 260 °C in the oven. 
The temperature in the oven experienced huge variation after putting in the 
specimens. The temperature was recorded during the ageing process, as shown in 
Fig. ‎5.1. The 30 min holding period is marked in each temperature curve. Finally, all 





. DIC was used in the tensile process to monitor the strain distribution 
across the surfaces. 
Table ‎5.1 Chemical compositions of X65 pipeline steel, wt%. 
C P Mn Si S Ni Cr Mo Cu Al Ca N Nb Ti 
0.044 0.014 1.52 0.18 0.002 0.006 0.016 0.096 0.009 0.041 0.0013 0.005 0.039 0.016 
 
 
Fig. ‎5.1 The temperature increasing curves of ageing X65 pipeline steel. 
5.1.2 Engineering stress-strain curves 
Fig. ‎5.2 shows the engineering stress-strain curves of X65 strip with the increase of 
ageing temperature after different pre-strain. The engineering stress-strain curves of 
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flattened original pipe are also presented for comparison. When pre-strain is not 
employed (Fig. ‎5.2(a)), the ageing does not have any influence on the shape of 
curve. All curves are identical, presenting Lüders plateau and having approximately 
the same strength and elongation. When pre-strain increases to 1.0% (Fig. ‎5.2(b)), 
the increase of ageing temperature changes the shape of the curve. Ageing at 200 °C 
still keeps the curve with Lüders plateau, but that completely disappears when the 
ageing temperature increases to 230 °C, replaced by the characteristic of DSA which 
is maintained after ageing at 260 °C. When pre-strain increases to 2.5% 
(Fig. ‎5.2(c)), the increase of ageing temperature changes the shape of the curve 
again. Ageing at 200 °C still holds the Lüders plateau for the curve, but no 
conspicuous upper yield point can be seen. Aging at 230 °C clears up the 
characteristic of DSA, replaced by a suddenly increase at the drop stage. When pre-
strain increases to 5.0% (Fig. ‎5.2(d)), ageing treatment eliminates the Lüders 
plateau. All curves drop continuously after yield point. Generally, plastic strain of 
about 1.0 to 2.0% is applied to the pipeline steel strips .during the piping processes. 
In this case, however, the strength of flattened original pipe is larger than that of 
aged strip after pre-strain of 2.5%. The possible reason of this phenomenon is that 
the flattening process induces work hardening to the pipe section. 
 
(a) Pre-strain of 0.0% 




(b) Pre-strain of 1.0% 
 
(c) Pre-strain of 2.5% 




(d) Pre-strain of 5.0% 
Fig. ‎5.2 The engineering stress-strain curves of X65 strip aged at 200 °C, 230 °C, 
and 260 °C after pre-strain of (a) 0.0%, (b) 1.0%, (c) 2.5%, and (d) 5.0%. 
Fig. ‎5.3 shows the engineering stress-strain curves of X65 strip with the increase of 
pre-strain at different ageing temperature. The green lines are the engineering stress-
strain curves of aged-flattened (AF) pipe. The orange line is the engineering stress-
strain curve of the flattened-aged (FA) pipe. At the ageing temperature of 200 °C, 
Lüders plateau gradually disappears and the TE decreases with the increase of pre-
strain. At the ageing temperature of 230 °C and 260 °C, Lüders plateau only exists at 
the pre-strain of 0.0%, the increase of pre-strain results in the disappearance of 
Lüders plateau, replaced by the characteristic of DSA at pre-strain of 1.0%, a 
suddenly increase of the drop stage at pre-strain of 2.5%, and continuously drop 
after the yield point at pre-strain of 5.0%. 




(a) Ageing of 200 °C 
 
(b) Ageing of 230 °C 




(c) Ageing of 260 °C 
Fig. ‎5.3 The engineering stress-strain curves of X65 strip aged at (a) 200 °C, (b) 
230 °C, and (c) 260 °C after pre-strain of 0.0%, 1.0%, 2.5%, and 5.0%. 
Fig. ‎5.4 shows the engineering stress-strain curves of X65 pipe with the increase of 
ageing temperature. All curves have continuous (round-house) yielding behaviours 
and ageing treatment barely influences the properties.  It appears that after ageing at 
200 °C and 230 °C, the strength increases slightly compared to the original pipe. But 
after ageing at 260 °C, the strength and ductility are nearly identical to the original 
pipe, irrespective of the sequence of ageing and flattening. 




Fig. ‎5.4 The engineering stress-strain curves of X65 pipe aged at 200 °C, 230 °C, 
and 260 °C. 
5.1.3 Yield behaviour of X65 steel strip 
Fig. ‎5.5 shows the change of yielding characteristics of X65 pipeline steel strip with 
the increase of pre-strain level and ageing temperature. When pre-strain is not 
applied, yield drop and Lüders plateau exist in all samples and the length of the 
plateau increases with increasing ageing temperature. After 1.0% of pre-strain, the 
yield drop and Lüders plateau still exist at the ageing temperature of 200 °C but the 
length is shorter compared to that without pre-strain. At the ageing temperature of 
230 °C and 260 °C, the yielding behaviour is quite complex with multiple yielding 
occurring until up to ~10% elongation. After 2.5% of pre-strain, the sharp yield drop 
and Lüders plateau no longer exist. Instead, a small drop can be observed at the 
ageing temperature of 230 °C and 260 °C. After 5.0% of pre-strain, a sharp yield 
drop can be observed for all curves, but there is no Lüders plateau. 




Fig. ‎5.5 The change of yield characteristic of X65 pipeline steel strip with the increase of pre-strain and ageing temperature.
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Table ‎5.2 summarises the length of YPE and the dropped strength σD from upper 
YS σuy to lower YS σly for different strain aged X65 pipeline steel strip. 
Table ‎5.2 Characteristics of X65 pipeline steel at the yielding stage. 
Pre-strain (%)/ageing 
temperature (°C) 
0.0/200 0.0/230 0.0/260 1.0/200 1.0/230 1.0/260 2.5/200 
Length of YPE 0.0189 0.0221 0.0258 0.0121 - - 0.0085 




It can be seen from the results that i) increasing ageing temperature can extend the 
Lüders elongation, the length of which increases from 0.0189 at 200 °C to 0.0221 at 
230 °C and 0.0258 at 260 °C for the steel strip without pre-strain; ii) increasing pre-
strain can shorten the YPE, the length of which decreases from 0.0189 at 0.0% to 
0.0121 at 1.0% and 0.0085 at 2.5% for the 200 °C aged steel; iii) increasing ageing 
temperature can increase the yield drop value, which increases from 23.95 MPa at 
200 °C to around 30 MPa at 230 °C and 260 °C for the steel strip without pre-strain 
and it increases from 18.12 MPa at 200 °C to 27.34 MPa at 230 °C and 39.93 MPa 
at 260 °C for the steel strip with the pre-strain of 1.0%.  
In contrast, the influence of pre-strain on the yield drop value σD is complex. At the 
ageing temperature of 200 °C, σD decreases with the increase of pre-strain, from 
23.95 MPa at no pre-strain to 18.12 MPa at pre-strain of 1.0% and 0 MPa at pre-
strain of 2.5%. At the ageing temperature of 260 °C, σD increases with the increase 
of pre-strain, from 29.29 MPa at no pre-strain to 39.93 MPa at pre-strain of 1.0%. 
For the situation of ageing at 230 °C, the trend is unclear because of the multiple 
drops. When considering only the first or second drop at the pre-strain of 1.0%, σD 
decreases with increasing ageing temperature; but when adding up the dropped 
strengths, an opposite trend appears. More data is needed to verify the trend of 
dropped strength with the increase of pre-strain.  
Fig. ‎5.6 shows the strain distributions obtained from DIC before and after yielding 
for typical discontinuous (Fig. ‎5.6(a), strip sample with no pre-strain and aged at 
260 °C) and continuous (Fig. ‎5.6(b), flattened original pipe) engineering stress-
strain curves. It can be seen from the images in Fig. ‎5.6(a) that a single Lüders band 
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develops and propagates along the entire gauge region when the strain is at the range 
of YPE, which indicates steel experiences inhomogeneous deformation at yield 
region. Afterwards homogeneous deformation occurs as shown from t=53 s to 78 s. 
In contrast, the continuous curve is corresponding to homogeneous deformation in 
the entire tensile process (Fig. ‎5.6(b)). No propagation of Lüders band is observed. 
 
















(a) ageing at 260 °C after pre-strain of 0%  





















(b) flattened original pipe  
Fig. ‎5.6 The strain distribution before and after yielding for typical discontinuous (a) 
and continuous (b) engineering stress-strain curves 
5.1.4 Evolution of tensile properties 
Table ‎5.3 summarises the tensile properties of X65 pipeline steel strip and bare 
pipe. For the stress-strain curves with yield drop and Lüders plateau, the YS is 
calculated as the average strength in the entire YPE region; for those with yield drop 
but without Lüders plateau, the YS presented is the lower YS; for the continuous 
curves, the YS is the strength at 0.5% strain. 
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200 523.7 585.3 11.7 33.0 0.895 0.128 
230 535.3 586.9 10.9 32.7 0.912 0.123 
260 537.9 590.7 10.5 31.9 0.911 0.122 
1.0 
200 521.7 582.0 10.6 32.7 0.896 0.129 
230 539.7 592.4 9.00 30.5 0.911 0.116 
260 541.7 596.3 7.90 27.5 0.908 0.125 
2.5 
200 550.5 583.5 8.90 32.4 0.943 0.116 
230 601.4 602.8 0.30 29.0 0.998 0.098 
260 610.6 612.6 0.30 29.2 0.997 0.096 
5.0 
200 593.5 599.9 0.40 27.1 0.989 0.102 
230 613.5 613.9 0.30 18.9 0.999 0.101 
260 637.2 640.4 0.30 1.30 0.995 - 
Pipe - 
Original 577.5 637.6 8.90 29.0 0.906 0.121 
AF200 601.1 640.6 3.40 26.9 0.938 0.109 
AF230 570.6 650.6 4.00 26.1 0.877 0.109 
AF260 594.3 630.3 5.00 26.0 0.943 0.104 
FA260 599.9 638.9 6.70 26.7 0.939 0.119 
Fig. ‎5.7(a) shows the relationship of YS and UTS with pre-strain and ageing 
temperature. In any pre-strain conditions, YS and UTS both increase with the 
increase of ageing temperature.  Furthermore, the increment is more severe at higher 
pre-strain levels. In comparison, the increment of YS and UTS from 200 ºC to 230 
ºC is larger than those from 230 ºC to 260 ºC, which indicates that the effect of 
raising up temperature from 200 ºC to 230 ºC is more significant than further 
temperature rise.  
With the increase of pre-strain, YS has a little change (slightly higher or slightly 
lower) from 0.0% to 1.0%. However, YS increases dramatically from 1.0% to 2.5%. 
From 2.5% to 5.0% pre-strain, the increment is still huge when the ageing 
temperature is 200 ºC. In contrast, at the ageing temperature of 230 ºC and 260 ºC, 
the increment is not as dramatic. This means that increasing pre-strain levels from 
1.0% to 2.5% has the most significant effect on YS increment. 
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The change of UTS with the increase of pre-strain is different from that of YS. From 
0.0% to 1.0%, UTS has a little change, which is similar to that of YS.  From 1.0% to 
2.5%, UTS has a slight increment, but the increment is not as big as that of YS. 
From 2.5% to 5.0%, UTS has a larger increment compared to that of from 1.0% to 
2.5%. Overall, the increment on UTS with respect to pre-straining and ageing is not 
as significant as that of YS. 
Fig. ‎5.7(b) shows the relationship of UE and TE with the pre-strain and ageing 
temperature.  For any pre-strain levels, both UE and TE decrease with the increase 
of ageing temperature. The only difference is the extent of reduction. For the 
samples without pre-strain or with pre-strain of 1.0%, both UE and TE maintain at 
high values. For the samples after pre-straining at 2.5%, TE is still at the similar 
level with those after pre-straining of 1.0% or less. UE, on the other hand, shows a 
difference with the ageing temperature. At a low ageing temperature of 200 ºC, UE 
slightly decreases compared to 1.0% pre-strain. However, at higher ageing 
temperatures of 230 ºC and 260 ºC, UE drops significantly. For the samples after 
pre-straining at 5.0%, all of the UE values are very small. TE maintains relatively 
high values at the ageing temperature of 200 ºC and 230 ºC, but it drops to the same 
level as UE at the ageing temperature of 260 ºC. The results indicates that both pre-
straining and ageing have effects on UE and TE, and the effect is more severe at 
large pre-strain level or higher ageing temperature. 
 
(a) 





Fig. ‎5.7 The changes of (a) YS and UTS, and (b) UE and TE with the increase of 
pre-strain. 
Fig. ‎5.8 shows the relationship of Y/T ratio with pre-strain and ageing temperature. 
From 0.0% to 1.0% pre-strain, the Y/T ratio is almost stable. From 1.0% to 2.5% 
pre-strain, the Y/T ratio has a dramatic increase. For higher ageing temperatures 230 
ºC and 260 ºC, the Y/T ratio reaches a maximum values of nearly 1 after 2.5% pre-
strain and stays at the value for further pre-straining, but for the low temperature of 
200 ºC, the Y/T ratio is relatively small at 2.5% pre-strain, and it increases 
dramatically up to nearly 1 at 5.0% pre-strain. As shown in Fig. ‎5.8(b), the Y/T ratio 
of the strip samples experiences a relatively large increase when the ageing 
temperature increases from 200 ºC to 230 ºC, and then keeps stable or has a slight 
decrease when the ageing temperature increases from 230 ºC to 260 ºC. 




(a) pre-strain - Y/T relationship 
 
(b) ageing temperature - Y/T relationship 
Fig. ‎5.8 The change of Y/T ratio with the increases of (a) pre-strain and (b) ageing 
temperature. 
Fig. ‎5.9(a) shows the relationship between Y/T ratio and YS. The overall trend is 
Y/T ratio increases with the increase of YS. Very high Y/T values are only observed 
for the samples with high YS. At each ageing temperature, the Y/T ratio and YS 
both increases with pre-strain levels. The curve of Y/T-YS relationship has a 
positive slope and it moves towards the higher YS side when the ageing temperature 
increases. The value of the Y/T ratio reaches its maximum at 5.0% pre-strain for the 
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samples aged at 200 ºC and at 2.5% pre-strain for those aged at 230 ºC and 260 ºC. 
In contrast, UE shows a clear decreasing trend with the increase of Y/T ratio, as 
shown in Fig. ‎5.9(b). At each ageing temperature, UE decreases while Y/T increases 
as the pre-strain is increasing. UE reduces to its minimum at 5.0% pre-strain for the 
samples aged at 200 ºC and at 2.5% pre-strain for those aged at 230 ºC and 260 ºC, 
similar to Y/T. This analysis indicates that Y/T and UE are positively related. This is 
the reason that Y/T is sometimes used to represent the ductility of pipe in pipeline 
industry. It should be noted that at very high Y/T ratios of close to 1, UE can be 
extremely small (nearly 0 in some cases), which means that flow softening occurs 
right after yielding. Samples with these characteristics should be avoided for 
application in industry because of their lack of capability for plastic deformation. 
 
(a) YS - Y/T relationship 





(b) Y/T - UE relationship 
Fig. ‎5.9 The relationship of (a) Y/T ratio and YS, and (b) UE and Y/T ratio. 
5.1.5 True stress-strain curves 
Fig. ‎5.10 shows the true stress-strain curves of X65 strip with the increase of ageing 
temperature after different levels of pre-straining. The green lines are the true stress-
strain curves of flattened original pipe, shown for comparison. The increase of 
ageing temperature has a slight effect on the shape of the curve at the pre-strain of 
0.0% (Fig. ‎5.10(a)) and all curves present Lüders plateau. When pre-strain increases 
to 1.0% (Fig. ‎5.10(b)), the increase of ageing temperature changes the shape of the 
curve. Ageing at 200 °C still keeps the curve with Lüders plateau, but it completely 
disappears when the ageing temperature increases to 230 °C, replaced by multiple 
yield drops. After ageing at 260 °C, sharp yield drop recovers, but not Lüders 
plateau. When pre-strain increases to 2.5% (Fig. ‎5.10(c)), the increase of ageing 
temperature changes the shape of the curve again.  No yield drop exists and a drop 
appears in the straight curve. When pre-strain increases to 5.0% (Fig. ‎5.10(d)), a 
slight yield drop exists. The 260 °C aged sample shows early necking and fracture 
compared to the others. In each group of pre-strain level, the strain hardening 
behaviour of samples after ageing at different temperatures is similar, judging from 
the similar slope of the curves. One exception is the sample with 2.5% pre-strain and 
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ageing temperature of 200 °C, which shows a larger slope compared to 230 °C and 
260 °C samples. 
 
(a) Pre-strain of 0% 
 
(b) Pre-strain of 1% 




(c) Pre-strain of 2.5% 
 
(d) Pre-strain of 5% 
Fig. ‎5.10 The true stress-strain curves of X65 strip aged at 200 °C, 230 °C, and 260 
°C after pre-strain of (a) 0.0%, (b) 1.0%, (c) 2.5%, and (d) 5.0%. 
Fig. ‎5.11 shows the true stress-strain curves of X65 strip with the increase of pre-
strain at different ageing temperature. The green lines are the true stress-strain 
curves of AF pipe. The orange line is the true stress-strain curve of the FA pipe. At 
the ageing temperature of 200 °C, with the increase of pre-strain, Lüders plateau 
gradually disappears. At the ageing temperature of 230 °C and 260 °C, Lüders 
plateau exists at the pre-strain of 0.0%, the increase of pre-strain results in the 
disappearance of Lüders plateau. It can be seen from the figures that the strain 
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hardening behaviour decreases consistently with the increase of pre-strain, judging 
from the decreasing slope in the strain hardening stage of the curves. 
 
(a) Ageing of 200°C 
 
(b) Ageing of 230°C 




(c) Ageing of 260°C 
Fig. ‎5.11 The true stress-strain curves of X65 pipe aged at 200 °C, 230 °C, and 260 
°C. 
Fig. ‎5.12 shows the true stress-strain curves of X65 pipe with the increase of ageing 
temperature. All curves have continuous yielding behaviours. The strain hardening 
behaviours of the curves are slightly different. 
 
Fig. ‎5.12 The true stress-strain curves of X65 pipe aged at 200 °C, 230 °C, and 260 
°C. 
The strain hardening component (n) of all the curves was calculated and the results 
are listed in Table ‎5.3. It can be seen from the results that with increasing pre-strain 
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levels, the strain hardening component first shows a decreasing trend from 0.0% to 
2.5% pre-strain, and then a very small increase from 2.5% to 5.0% pre-strain. The 
value of the pipe samples are between 1.0% and 2.5% pre-strain. At each pre-strain 
level, the strain hardening component shows a decreasing trend with increasing 
ageing temperature in general. This reveals that the deformation capability of the 
steel decreases with increasing pre-strain levels and increasing ageing temperature.  
5.2 Strain ageing simulation of X70 (thickness 6.8 mm) 
5.2.1 Experimental procedure 
The X70 pipeline steel strip and bare pipe with the thickness of 6.8 mm were 
provided by Baosteel and the chemical compositions are listed in Table ‎5.4. The 
tensile specimens have the same gauge dimension as that of X65 in the previous 
section. Similar pre-straining and ageing process was performed. The pre-strain 
levels were 0.0%, 1.0%, 2.5%, and 5.0%. Ageing was performed in the same oven 
as that of X65 at 200 °C, 230 °C, and 260 °C for 30 min. Extra experiments of 10 
min ageing time were performed on specimens with 0.0%, 1.0% and 2.5% pre-strain 
and 200 °C, 230 °C ageing temperature to investigate the effect of ageing time.  
The bare pipe sections were aged at 170 °C, 200 °C, 230 °C, and 260 °C for 30 min, 
and then flattened before machining tensile specimens. 
Finally, all of strip and bare pipe specimens were tensile tested till fracture at an 




. DIC was used in the tensile process to monitor the strain 
distribution across the surfaces. 
Table ‎5.4 X70 (thickness 6.8 mm) steel composition (wt.%). 
C Si Mn P S Cu Ni Cr Mo V Nb Al Ti B N Ca Sn 
0.07 0.20 1.50 0.008 0.002 0.007 0.006 0.12 0.005 0.04 0.05 0.040 0.013 0.0003 0.0050 0.0015 0.001 
5.2.2 Effect of ageing time 
Fig. ‎5.13 shows the engineering stress-strain curves of X70 strip after pre-straining 
but no ageing. It can be seen from the curves that the original strip and the one after 
1.0% pre-strain have yield drop and Lüders plateau, whereas the strip after 2.5% and 
5.0% pre-strain do not show yield drop or Lüders plateau and the yielding is 
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continuous. This is in agreement with previous results that pre-straining could 
remove discontinuous yielding. 
 
Fig. ‎5.13 The engineering stress-strain curves of X70 strip: no ageing. 
Fig. ‎5.14 shows the engineering stress-strain curves of X70 strip after pre-straining 
and then were aged at 200 °C for 30 min (Fig. ‎5.14(a)) and 10 min (Fig. ‎5.14(b)). 
The overall results of the X70 strip after pre-straining and ageing are similar to that 
of X65 as in Fig. ‎5.3(a) that with the increase of pre-strain, Lüders plateau gradually 
disappears and the TE decreases. By comparison, the samples with ageing time of 
10 min exhibit the same trend as those with 30 min ageing, but the YS is slightly 
lower. 







Fig. ‎5.14 The engineering stress-strain curves of X70 strip: ageing at 200 °C for (a) 
30 min and (b) 10min. 
Fig. ‎5.15 plots the engineering stress-strain curves in terms of ageing temperature 
with the pre-strain of 0.0% (Fig. ‎5.15(a)), 1.0% (Fig. ‎5.15(b)) and 2.5% 
(Fig. ‎5.15(c)). It can be seen that the ageing time has little effect on the samples 
without pre-straining, whereas for the samples with 1.0% and 2.5% pre-strain, 
longer ageing time results in higher strength. This indicates that at the ageing 
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temperature of 200 °C, the ageing time 10 min is not long enough to stabilise the 










Fig. ‎5.15 The engineering stress-strain curves of X70 strip: ageing at 200 °C after 
pre-strain of (a) 0.0%, (b) 1.0%  and (c) 2.5%. 
Fig. ‎5.16 shows the engineering stress-strain curves of X70 strip after pre-straining 
and then was aged at 230 °C for 30 min (Fig. ‎5.16(a)) and 10 min (Fig. ‎5.16(b)). It 
can be seen that the general trend of the samples is similar to those aged at 230 °C as 
shown in Fig. ‎5.16. In addition, the trend is also similar to the results of X65, as 
shown in Fig. ‎5.3(b). Ageing time seems to have quite obvious influence on the 
curves.  
 






Fig. ‎5.16 The engineering stress-strain curves of X70 strip: ageing at 230 °C for (a) 
30min  and (b) 10 min. 
Fig. ‎5.17 plots the engineering stress-strain curves in terms of ageing temperature 
with the pre-strain of 0.0% (Fig. ‎5.17(a)), 1.0% (Fig. ‎5.17 (b)), and 2.5% (Fig. ‎5.17 
(c)). General trend cannot be obtained from the curves because the strength is higher 
for the samples with longer ageing time in some cases but the opposite in others, 
which might be caused by statistic error.  
 
(a) 







Fig. ‎5.17 The engineering stress-strain curves of X70 strip: ageing at 230 °C after 
pre-strain of (a) 0.0%, (b) 1.0%  and (c) 2.5%. 
Fig. ‎5.18 shows the relationship between pre-strain and YS, UTS, Y/T ratio with the 
ageing time of 30 min and 10 min. It can be seen from the figure that except for a 
few samples, the YS, UTS and Y/T ratio all increases with the increasing pre-strain 
values for all the ageing temperature and time combination. The exception is the 
sample after 1.0% pre-strain and aged at 230 °C for 10 min, which was mentioned 
earlier that it might be due to experimental error.  
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The absolute values increased for YS (in a range of 100 MPa) are more significant 
than UTS (in a range of 40 MPa). This is consistent with previous observed 
phenomenon that the strain ageing mostly influences YS but not so much on UTS. 
This is also the reason for the observed increment on the Y/T ratio that Y increases 
more than T in this formula.  
For the influence of ageing temperature, YS, UTS and the Y/T ratio all increases 
with increasing ageing temperature in general. This is in agreement with the results 
of X65 steel strip as presented in Fig. ‎5.18(a). 
For the influence of ageing time, it appears that at 200 °C, both YS and UTS for the 
samples aged for 10 min are smaller than those aged for 30 min. At the ageing 
temperature of 230 °C, the relationship is not clear as some values for 10 min ageing 
time are larger whereas some are smaller. It can be concluded from the results that at 
the ageing temperature of 200 °C, 10 min holding time is not enough to stabilise the 
properties of the steel. It requires 30 min holding time at this temperature. However, 
at the ageing temperature of 230 °C, 10 min holding time does not differ much from 
30 min. 
Fig. ‎5.19 shows the relationship between pre-strain and UE and TE with the ageing 
time of 30 min and 10 min. It can be seen from the figures that both UE and TE 
decrease with increasing pre-strain. Generally, with the increase of ageing 
temperature, both UE and TE reduces. There is no noticeable influence of ageing 
time on UE or TE. The results are also consistent with that of X65 as presented in 
Fig. ‎5.18(b). 









Fig. ‎5.18 The relationship between pre-strain and (a) and (b) YS, (c) and (d) UTS, 
(e) and (f) Y/T ratio. The ageing time is (a), (c) and (e) 30 min and (b), (d) and (f) 10 
min. 







Fig. ‎5.19 The relationship between pre-strain and pre-strain and (a) and (b) UE, (c) 
and (d) TE. The ageing time is (a) and (c) 30 min and (b) and (d) 10 min. 
Fig. ‎5.20 shows the relationship between YS and Y/T ratio. It can be seen that in 
general, the Y/T ratio increases with increasing YS. In addition, the very high Y/T 
ratio samples always occur at the same time with very high YS. Ageing temperature 
does influence the relationship. Raising the ageing temperature from 200 °C to 260 
°C moves the line towards the higher YS side which is in agreement with the results 
of higher ageing temperature inducing higher YS. As for the ageing time, there is no 
obvious difference for the 30 min and 10 min results, so the conclusion is that 
ageing time does not have much effect on the Y/T and YS relationship. 





Fig. ‎5.20 The relationship between YS and Y/T ratio with the ageing time of (a) 30 
min and (b) 10 min.  
Fig. ‎5.21 shows the relationship between Y/T ratio and UE. It can be seen from the 
figure that UE decreases with increasing Y/T, similar to that observed in Fig. ‎5.9(b). 
The difference is that for X65, UE is nearly 0 when Y/T is close to 1. However, for 
X70, UE is well above 0 when Y/T is close to 1. There is even one case that UE is 
~6% when Y/T is ~1. This means that in this case, Y/T cannot be used to represent 
the ductility of the steel. The influence of ageing temperature for X70 is not as clear 
as that of X65 either. As for ageing time, there is no obvious influence on the UE-
Y/T relationship. 
  
(a)      (b) 
Fig. ‎5.21 The relationship between Y/T ratio and UE with the ageing time of (a) 30 
min and (b) 10 min. 
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5.2.3 Results of X70 pipe 
Fig. ‎5.22 shows the engineering stress-strain curves of X70 pipe samples after 
ageing at various temperatures. All curves are round-house shaped without any 
discontinuity. The influence of ageing temperature on the properties is unclear based 
on the curves. 
 
Fig. ‎5.22 The engineering stress-strain curves of X70 pipe. 
Fig. ‎5.23 to Fig. ‎5.25 present the relationship of YS and UTS, UE and TE, as well as 
the Y/T ratio with the ageing temperature, respectively. It can be seen that except for 
the YS of the 230 °C aged sample (the curve of this sample is different from the rest 
as in Fig. ‎5.22 that it shifts away from the well before yield), both YS and UTS 
increase slightly with increasing ageing temperature. UE and TE decrease slightly 
with increasing ageing temperature. Y/T stays stable as the ageing temperature 
changes. Although there is increment in strength and decrement in elongation of the 
pipe samples, the magnitude of the change is quite small as compared to the strip 
samples. This is because of the flattening process after ageing which compensate for 
some of the ageing effect. 




Fig. ‎5.23 The relationship of YS and UTS vs. ageing temperature of X70 pipe. 
 
Fig. ‎5.24 The relationship of UE and TE vs. ageing temperature of X70 pipe. 




Fig. ‎5.25 The relationship of Y/T vs. ageing temperature of X70 pipe. 
 
Fig. ‎5.26 and Fig. ‎5.27 present the relationship between YS and the Y/T ratio, and  
Y/T ratio and UE of X70 pipe, respectively. It can be seen from the figures that the 
general trend of these two curves is similar to that of the strip samples. However, the 
absolute values are significantly different. The Y/T ratio values are much smaller 
compared to the strip samples and the UE values are larger. This is due to the 
different shape of the stress-strain curves that the strain hardening stage is longer for 
the pipe samples.  
 
Fig. ‎5.26 The relationship between YS and Y/T ratio of X70 pipe. 




Fig. ‎5.27 The relationship between Y/T ratio and UE of X70 pipe. 
5.3 Strain ageing simulation of X70 (thickness 9.1 mm) 
5.3.1 Experimental procedure 
X70 pipeline steel strip of 9.1 mm thickness were obtained from Baosteel. The 
chemical composition of the steel is listed in Table ‎5.5. Four pieces of strip with 
dimension 1430 mm × 1000 mm were obtained in total. Transverse and longitudinal 
tensile specimens with 50 mm gauge length and 38 mm gauge width were machined 
from the strip. The transverse specimens were machined with the centre of the 
specimen at the quarter width position of the strip and the longitudinal specimens 
were machined as close to the centre of the strip as possible (as shown in Fig. ‎5.28).  
Pre-straining were conducted up to a strain of 0.0%, 1.5%, 2.0%, 2.5% and 5.0%. 
After pre-straining, specimens of each pre-strain level were aged in an oil bath at 
200 °C, 230 °C and 260 °C for 10 min followed by water quenching. Specimens 
without ageing were also kept for comparison. 
Uniaxial tensile testing of the pre-strained and aged specimens was conducted 
afterwards. DIC with two cameras was used to record the strain distribution on the 
whole surface of the specimens during tensile testing. Three specimens were tested 
for each condition. A total of 120 specimens were tested. 
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Table ‎5.5 X70 (thickness 9.1 mm) steel composition (wt.%). 
C Si Mn P S Cu Ni Cr Mo V Nb Al Ti B N Ca Sn CEIIW 
0.066 0.177 1.48 0.011 0.002 0.007 0.008 0.117 0.005 0.043 0.046 0.031 0.016 0.0003 0.0049 0.0015 0.002 0.346 
 
Fig. ‎5.28 Schematic illustration of transverse and longitudinal tensile specimen 
location. 
5.3.2 Results of transverse direction tensile tests 
Fig. ‎5.29 to Fig. ‎5.31 present the tensile test results of strain aged specimens tested 
in the TD. Fig. ‎5.29(a) shows the stress-strain curves after different levels of pre-
straining but without ageing. The curves are off-set to show the amount of pre-
straining. It can be seen from the no pre-straining no ageing (or the as-received hot-
rolled strip) curve that the Lüders plateau is larger than 1.5%. After pre-straining of 
1.5%, the yield drop still exists but a Lüders plateau is not present. After pre-
straining of 2.0% and above, continuous yielding can be observed in the stress-strain 
curves. 
Fig. ‎5.29(b) to (f) show the stress-strain curves of the pre-strained and aged 
specimens. It can be seen from Fig. ‎5.29(b) that ageing without pre-straining 
increases YS slightly and the amount of increment becomes larger with higher 
ageing temperature. Fig. ‎5.29(c) indicates that pre-straining of 1.5% plus ageing 
increases YS and decreases UE. The yield drop is very small in the 1.5% pre-
strained no ageing specimen, whereas it becomes quite significant for the 1.5% pre-
strained and aged specimens. Multiple drops can be observed in the 1.5% pre-
strained, 200 °C and 230 °C aged specimens.  
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The stress-strain curves of specimens after pre-straining of 2.0% and 2.5% plus 
ageing exhibit similar characteristics (Fig. ‎5.29(d) and (e)). Continuous yielding can 
be observed for the without ageing specimens. However, Lüders plateau can be 
observed after ageing. There was no upper or lower yield point, but DIC observation 
did show two Lüders bands nucleated from both ends of the specimens and they 
spread through the specimens before meeting in the middle and causing a single 
drop in the stress-strain curve (will be explained more in detail in Fig. ‎5.30). It can 
also be seen in Fig. ‎5.29(d) and (e) that with increasing ageing temperature, the 
position of the drop moves towards larger strains, indicating that the Lüders strain is 
larger. In the meantime, the YS increases and UE decreases with increasing ageing 
temperature.  
After pre-straining of 5.0% plus ageing, the flow stress decreases immediately after 
yielding (Fig. ‎5.29(f)), the YS increases evidently but the UE decreases from 6% for 
the pre-strained specimen to less than 1% for aged specimens. 
According to Cottrell’s theory, solute atoms such as C or N segregate to 
dislocations, so locking them in position. It requires higher stress to break the 
dislocations away from their atmosphere. This can be used to explain the formation 
of upper yield point in the hot-rolled strip specimens. After pre-straining to a certain 
strain level, the dislocations are no longer pinned, so they can be activated from the 
beginning of tensile loading, resulting in yielding without obvious yield drop (2.0% 
and 2.5% pre-strained). With small pre-straining and additional ageing, the solute 
atoms which have been removed from the dislocations migrate back and pin the 
dislocations again. This is the reason for the YS increment after ageing. In the 
meantime, the pre-existing dislocations in these specimens are more than the initial 
hot-rolled strip, so there is no sharp yield point (2.0% and 2.5% pre-strained and 
aged). With large pre-straining and ageing, the specimens contain high density 
mobile dislocations which limits the capability of new dislocation nucleation, thus 
plastic instability is achieved right after yielding, which results in very small UE 
(5.0% pre-strained and aged). 


















Fig. ‎5.29 Transverse stress-strain curves of (a) pre-strained, (b) 0.0% pre-strained 
and aged, (c) 1.5% pre-strained and aged, (d) 2.0% pre-strained and aged, (e) 2.5% 
pre-strained and aged, (f) 5.0% pre-strained and aged. 
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Fig. ‎5.30 presents the strain distribution on the specimen gauge region for five types 
of typical stress-strain curves observed during the tensile tests. The strain 
distribution was derived from DIC results. In this work, all the tensile tests were 
monitored by DIC. The deformation strain and the strain distribution on the 
specimen surfaces were obtained from the DIC results. 
Fig. ‎5.30(a) shows a typical stress-strain curve of the no pre-straining specimens, 
with or without ageing (as in Fig. ‎5.29(b)). Strain distribution images at important 
points in the curve are shown next to the points. It can be seen from the images that 
at the elastic deformation stage, the strain level is very small and the distribution is 
uniform. At upper yield point, there can be seen two strain localisation points on the 
top right and bottom left parts of the gauge region, indicating Lüders bands 
nucleating near the shoulders. At the beginning of lower yield point, the two Lüders 
bands become quite noticeable and they become thicker and larger in strain and 
progressing along the gauge length towards each other with the progress of Lüders 
strain. At the end of the Lüders strain, there is a stress drop, which is due to the 
coalescence of the two Lüders bands. Afterwards, the strain hardening stages begins, 
the strain becomes uniformly distributed over the gauge length region and the strain 
values become larger with increasing strain. At the UTS, strain becomes localised 
again. With the progress of tensile deformation, the strain becomes more and more 
localised and the strain values become larger, until fracture occurs at the strain 
localised position.  
Fig. ‎5.30(b) shows a typical stress-strain curve of the 2.0% and above pre-strained 
specimens (as in Fig. ‎5.29(a) green, red and blue curves). This stress-strain curve 
shows continuous yielding. It is evident from the DIC images that Lüders bands are 
not observed in this curve. Upon yielding, the strain distributes uniformly over the 
entire gauge region and its value becomes larger with strain hardening. After UTS, 
the strain becomes localised and the specimen fracture occurs at the position with 
largest strain.  
Fig. ‎5.30(c) shows a typical curve of the 1.5% pre-strained and aged specimens (as 
in Fig. ‎5.29(c) red and blue). Unlike the curve shown in Fig. ‎5.30(a), the curve in 
Fig. ‎5.30(c) shows a large yield drop but without Lüders plateau. It can be seen that 
at upper yield, a Lüders band nucleates at the top right corner of the gauge region. It 
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develops into a band after the yield drop. Thereafter, the curve exhibits strain 
hardening and the Lüders band becomes broader and larger in strain. A second band 
appears to be developed at the top side but from an opposite direction of the first 
band. The two bands cross each other and form a local strain concentration. A third 
Lüders band nucleates at the bottom side of the gauge region together with a small 
stress deviation from the strain hardening trend. The band then progressively moves 
upwards and at the same time, the first two bands move downwards. When the 
Lüders fronts merge, a stress valley is observed in the stress-strain curve. Following 
that, the strain localisation on the top region further develops until the specimen 
fractures. It can be seen that the yielding behaviour and Lüders bands formation in 
this stress-strain curve is rather complex. The final fracture position, however, is at 
the same location of strain localisation as early as in the stage of strain hardening, 
even before the nucleation of the third Lüders band. 
Fig. ‎5.30(d) shows a typical curve of the 2.0% and 2.5% pre-strained and aged 
specimens (as in Fig. ‎5.29(d) and (e) red, blue and green). The curve does not show 
obvious yield point or yield drop. Judging from the shape of the curve, the yield 
behaviour is more like continuous yielding. However, DIC image clear show two 
Lüders band nucleate from the top left and bottom right corners of the gauge region. 
The two bands progressively propagate towards the centre of the specimen while the 
stress keeps almost constant. When the two Lüders fronts meet and coalesce, a small 
stress valley is observed. Thereafter strain localisation occurs at the lower part of the 
gauge region and the strain accumulates with deformation until specimen fractures.  
Fig. ‎5.30(e) shows a typical curve of the 5.0% pre-strained and aged specimens (as 
in Fig. ‎5.29(f) red, blue and green). It can be seen from the DIC images that there is 
strain localisation at the top left and bottom right corners of the gauge region upon 
yield. However, with the development of deformation strain, the strain localisation 
at the top part does not move at all. The bottom strain localisation behaves more like 
a shear band. It moves along the gauge length and stops at a position slightly below 
the gauge centre. A second shear band aligned almost 90° to the first one develops 
afterwards and the cross position of the two shear bands acts as strain concentration 
location, around which the strain localisation develops further until specimen 
fractures. The deformation behaviour of this specimen is like that shown in 
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Fig. ‎5.30(c) that the strain distribution along the gauge region is never uniform in 
the entire tensile stage.  
Above all, the DIC results provide visual evidence of Lüders bands and strain 
localisation during tensile tests. Small changes in stress-strain curves can be 
understood with the assistance of DIC, such as the complex curve in Fig. ‎5.30(c). 
Lüders bands in curves which appears to experience continuous yielding can also be 
identified, such as in Fig. ‎5.30(d). Fracture position can be predicted prior to 
necking or in certain occasions, at very early stage or tensile testing.  
The appearance of small stress valleys when two converging Lüders band fronts 
coalesce at the end of the stress plateaus has been reported before [107, 155], but the 
existence of Lüders plateau without yield drop has not been reported to the 
knowledge of the authors because without the assistance of special equipment such 
as the DIC, this type of Lüders behaviour is easy to be overlooked.  
It can also be noted from the results that the number of Lüders band nucleation can 
be complicated. A single band, two converging bands, or multiple bands nucleate at 
different stages of deformation can be observed. Research results showed that 
formation of single or multiple bands was influenced by length/thickness ratio of the 
specimens and the test strain rate [156, 157]. In this work, the specimen geometry 
and the test strain rate were kept unchanged. Therefore, the reason is worth further 
investigating. 



















Fig. ‎5.30 Strain evolution during tensile testing for typical tensile curves. (a) 0.0% 
pre-straining, no ageing, (b) 2.0% pre-straining, no ageing, (c) 1.5% pre-straining, 
260 °C ageing, (d) 2.0% pre-straining, 230 °C ageing, (e) 5.0% pre-straining, 200 °C 
ageing. 
Fig. ‎5.31 presents the relationships between YS, UTS, UE and Y/T vs. pre-strain 
and ageing temperature. It can be seen from Fig. ‎5.31(a) and (b) that at each ageing 
temperature, the increment in YS and UTS for 1.5% pre-strained specimens is very 
small, possibly due to the fact that Lüders plateau has not been fully removed at 
1.5% pre-straining. The 2.0% and 2.5% pre-strained specimens exhibit much larger 
but similar values. However, the YS and UTS of the 2.0% pre-strained specimens 
are larger than the 2.5% pre-strained specimens. The reason is unclear, but the 
difference is small and it does not influence the conclusion of the tensile tests. After 
5.0% pre-straining, the increment in YS and UTS is significant compared to the 
2.0% and 2.5%, which is in accordance with the large pre-strain. For each pre-
straining level, both YS and UTS increase with increasing ageing temperature, but 
the increment in YS is much larger than that in UTS.  
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It can be seen in Fig. ‎5.31(c) and (d) that UE generally decreases with increasing 
pre-straining levels and ageing temperatures whereas Y/T increases. Generally, UE 
is considered to have an inverse relationship with Y/T, which is the reason that Y/T 
is used as a measure of material ductility in pipeline design and fracture control. 
Stress-strain curves with high Y/T is considered to have a relatively small room to 
deform thus should have small UE. The values of UE and Y/T ratio presented in 
Fig. ‎5.31(c) and (d) are generally in agreement with this assumption. For example, 
for specimens with small amount of pre-straining such as 1.5%, all the aged 
specimens exhibit large UE (> 6%) and small Y/T (< 0.91). For the specimens 
experienced large pre-straining, such as 5.0%, all the aged specimens exhibit small 
UE (< 1%) and large Y/T (> 0.99). However, there are a few exceptions in the tests. 
The specimen of 5.0% pre-straining and no ageing shows UE=6.3% and Y/T=0.98; 
the specimen of 2.5% pre-straining and 200 °C ageing shows UE=7.9% and 
Y/T=0.985; the specimen of 2.0% pre-straining and 200 °C ageing shows UE=6.8% 
and Y/T=0.99. These exceptions indicate that UE and Y/T are not necessarily 
inversely related and that Y/T is a poor measure of ductility. 
 
(a) 












Fig. ‎5.31 Relationship between transverse (a) YS, (b) UTS, (c) UE and (d) Y/T and 
ageing temperature. 
5.3.3 Results of longitudinal direction tensile tests 
Fig. ‎5.32 and Fig. ‎5.33 present the tensile tests results of the longitudinal specimens. 
It can be seen from the figures that the tensile behaviour of the longitudinal 
specimens is similar to that of the transverse specimens. A few differences should be 
noted though. Generally, at the same treatment condition, the longitudinal specimens 
show smaller strength, larger UE and smaller Y/T than the transverse specimens. 
This is in accordance with the strip anisotropy that the TD is usually stronger than 
the longitudinal direction. The 2.0% and 2.5% pre-strained longitudinal specimens 
exhibit nearly identical properties at the same ageing temperature, as can be seen in 
Fig. ‎5.33. All the 2.0% and 2.5% pre-strained and aged specimens show large UE (> 
6%) and large Y/T (> 0.96) at the same time. This again indicates that Y/T is a poor 
measure of ductility. 


















Fig. ‎5.32 Longitudinal stress-strain curves of (a) pre-strained, (b) 0.0% pre-strained 
and aged, (c) 1.5% pre-strained and aged, (d) 2.0% pre-strained and aged, (e) 2.5% 
pre-strained and aged, (f) 5.0% pre-strained and aged. 














Fig. ‎5.33 Relationship between longitudinal (a) YS, (b) UTS, (c) UE and (d) Y/T 
and ageing temperature. 
Fig. ‎5.34 plots the Y/T vs. YS and UE vs. Y/T curves for all the transverse and 
longitudinal data points. It can be seen from the Y/T vs. YS relationship 
(Fig. ‎5.34(a)) that Y/T is proportional to YS, i.e. only the specimens that have large 
YS exhibit large Y/T. The relationship of UE and Y/T shows that the two are 
generally inversely proportional. The circled data points are all the exceptions, with 
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UE larger than 6% and Y/T larger than 0.96. This observation confirms the results of 
X70 strip sample with the thickness of 6.8 mm that Y/T cannot represent elongation 





Fig. ‎5.34 Relationship between (a) Y/T vs. YS and (b) UE vs. Y/T of all the test 
conditions. 




In this chapter, strain ageing simulation was performed on one X65 steel strip and 
two X70 steel strips with different thicknesses using pre-straining and ageing 
treatment. The results can be summarised as follows: 
1) Both pre-strain level and ageing condition influences the mechanical 
behaviour of the steels.  
2) For each pre-strain level, both YS and UTS increase with increasing ageing 
temperature, but the increment in YS is much larger than that in UTS. 
Therefore, Y/T also increases. At each ageing temperature, YS, UTS and 
Y/T also increases with increasing pre-strain level. UE and TE generally 
decrease with increasing pre-straining level and ageing temperature. 
3) For the samples without ageing treatment, pre-straining of 1.0% or 1.5% 
cannot remove the Lüders plateau because the plateau is larger than 1.5%. 
Pre-straining of 2.0% and above can remove Lüders plateau and continuous 
yielding will be observed in the stress-strain curves. Combining the ageing 
treatment, multiple drops can be observed in the 1.5% pre-strained, 200 °C 
and 230 °C aged specimens. For 2.0% and 2.5% pre-strained and aged 
specimens, yield drop is not observed but there are two Lüders bands 
nucleated from both ends of the specimens and they spread through the 
specimens before meeting in the middle and causing a single drop in the 
stress-strain curve. For 5.0% pre-strained and aged specimens, flow 
softening occurs right after yielding. 
4) For the influence of ageing time, at the ageing temperature of 200 °C, 10 min 
holding time is not enough to stabilise the properties of the steel. It requires 
30 min holding time at this temperature. However, at the ageing temperature 
of 230 °C, 10 min holding time does not differ much from 30 min. 
5) The strain distribution on the specimen gauge region for five types of typical 
stress-strain curves is analysed. For the no pre-straining specimens with or 
without ageing, the deformation in the yield drop and Lüders plateau interval 
is two Lüders bands nucleating from specimen shoulder region and 
propagating along the gauge length till they meet. For the 2.0% and above 
pre-strained specimens, Lüders bands are not observed. For the 1.5% pre-
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strained and aged specimens where multiple yield drops occur, multiple 
Lüders bands can be observed which are corresponding to the yield drops. 
For the 2.0% and 2.5% pre-strained and aged specimens where no obvious 
yield drop or Lüders plateau are observed, two Lüders bands nucleating from 
the shoulder region are observed. They progressively propagate towards the 
centre until the Lüders fronts meet and coalesce which induces formation of 
a small stress valley. For the 5.0% pre-strained specimens, strain localisation 
is observed from the beginning of yielding. Lüders band is not observed. 
6) The tensile behaviour of the longitudinal specimens is similar to that of the 
transverse specimens. Generally, at the same treatment condition, the 
longitudinal specimens show smaller strength, larger UE and smaller Y/T 
than the transverse specimens. 
7) All pipe specimens show round-house type of stress-strain curves. The 
influence of ageing on the properties of the pipe is very small compared to 
that of the strips. Both YS and UTS of the pipe specimens increase slightly 
with increasing ageing temperature. UE and TE decrease slightly with 
increasing ageing temperature. Y/T stays stable as the ageing temperature 
changes. 
8) All the results of the three steels show that Y/T is proportional to YS, and the 
relationship of UE and Y/T shows that the two are generally inversely 
proportional. However, the results of both X70 steels reveal that Y/T cannot 
represent elongation in some circumstances where UE is still relatively large 
when Y/T nearly reaches its maximum.  
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6 STRAIN AGEING OF X70: FROM 
STRIP TO BARE PIPE TO COATED 
PIPE 
 
Strain ageing for pipe involves the process of pipe forming and coating. The pipe 
forming process is to make pipe out of hot-rolled strip (for thin-walled pipe). The 
starting material of this process is hot-rolled strip and the finished product is bare 
pipe. During the process, the steel strip experiences dissimilar strain through the 
thickness direction. Generally, the inner surface experiences compressive strain and 
the outer surface experiences tensile strain. This process is the “strain” part in the 
term “strain ageing”. The coating process is to apply a protective FBE coating layer 
to the outer surface of the pipe. The starting material of this process is the bare pipe 
which is formed earlier and the finished product is coated pipe. During the process, 
the steel experiences a thermal cycle of up to 220 °C to 260 °C for 5-8 min, typical 
of  FBE coating. This process is the “ageing” part in the term “strain ageing”. 
Though the phenomenon of strain ageing and its influence on the properties of pipe 
has been studied extensively, no one has ever systematically compared the property 
change of the steel from hot-rolled strip, to bare pipe, to coated pipe. In this work, 
the microstructure, texture and mechanical properties of X70 strip, bare pipe and 
coated pipe were investigated to understand the effect of strain ageing.  
API 5L X70 pipeline steels with a thickness of 6.8 mm were used in this work (same 
as the material used in Section 5.2). The materials were supplied by Baosteel. Hot-
rolled strip, bare pipe and coated pipe (pipe went through the thermal cycles in the 
coating plant but without applying coating, to represent “coated pipe”) were 
obtained from pipe production. Table ‎5.5 shows the chemical composition of the 
investigated X70 steel. The pipe had an outer diameter of 457 mm and a wall 
thickness of 6.8 mm. Through-thickness microstructure, texture and hardness 
distribution were studied. Solute carbon concentration was measured through the 
internal friction measurement method. Small scale mechanical properties were tested 
using uniaxial tensile testing on hot-rolled strip, flattened bar (FB) tensile testing 
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and RE testing on pipe. Full scale properties were tested on bare and coated pipe 
using hydrostatic burst test. 
6.1 Microstructure 
Fig. ‎6.1 shows the positions for microstructure investigation through the thickness 
of the hot-rolled strip, bare pipe and coated pipe. For the pipe, 5 thickness positions 
were denoted as outer surface, outer quarter position, centre, inner quarter position 
and inner surface from the outer surface of the pipe to the inner surface. The same 
position names were used for hot-rolled strip for convenience, but it should be noted 
that the microstructure and hardness were supposed to be symmetrical about the 
centre plane for the hot-rolled strip. 
Optical microscopy (OM) was adopted to observe the microstructure distribution 
though the thickness of the strip, bare pipe and coated pipe. Small samples were 
machined from the large pieces along the TD-ND plane. The samples were then 
ground, polished and etched using 2% Nital. Optical micrographs were taken at five 
different thickness positions for each sample and the results are shown in Fig. ‎6.2. It 
can be seen that the microstructures for all the samples and at all positions mainly 
consists of polygonal ferrite with small fractions of pearlite.  
 
Fig. ‎6.1 Schematic illustration of the thickness positions for microstructure 
observation. 
As is expected, the microstructure of the strip sample shows a symmetric pattern 
about the centre. The size of the grains at the outermost positions (Fig. ‎6.2(a) and (e) 
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left column) seems to be smaller and the grain shapes are more equiaxed than the 
rest of the thickness positions. In the middle part of the sample, the quarter and 
centre positions, the grains are more elongated. At the centre position, more pearlite 
structures can be observed and they tend to align in lines. These are features of 
centreline segregation.  
The microstructures of the bare and coated pipe are similar. At the quarter and centre 
positions, the microstructures of the pipe are similar to the strip. Note that the 
micrographs at centre positions seem to be different for the three samples due to 
their different centreline segregation features. This does not prove there are 
differences between the three samples but is because the centreline segregation is 
not continuous. The difference in microstructure between the pipe and the strip is at 
the outer and inner surface. It can be seen in Fig. ‎6.2(a) that compared to the strip 
sample, the grains for the pipe samples at the outmost surface are apparently larger 
in size. Fig. ‎6.2(e) shows the micrographs at the inner surface and it can be observed 
that the grains closest to the surface seem to be smaller for the pipe than for the strip, 
although the difference is not that obvious. 
 Strip Bare pipe Coated pipe 
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Fig. ‎6.2 Optical micrographs of X70 strip, bare pipe and coated pipe at (a) outer 
surface, (b) outer quarter, (c) centre, (d) inner quarter and (e) inner surface positions. 
It can be concluded from the OM micrographs that compared to the hot-rolled strip, 
the microstructure of the pipe does not change much in most regions. The bare pipe 
and coated pipe exhibit very similar microstructures. It is worth pointing out that the 
grain size at the outer surface of the pipe samples appears to be larger than the strip 
sample, but the reason is unclear.  It should be noted that the samples are essentially 
from different materials, which might be the reason for this difference in grain size. 
EBSD were also conducted on these samples at the similar positions. The samples 
were subjected to mechanical grinding and polishing, and then electro polishing pior 
to EBSD observation. EBSD were conducted at the five thickness positions as 
indicated in Fig. ‎6.1. The size of each map is 75 μm by 60 μm and a step size of 0.1 
μm was used for all the maps. The surface maps were taken within 100 μm from the 
inner and outer surfaces.  
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Fig. ‎6.3 shows the inverse pole figure maps measured using EBSD. It can be seen 
that the general trend of the microstructures for all the samples is similar to that of 
the OM micrographs, with smaller size of grains at both surfaces for all samples.  
The microstructure at the quarter and centre positions for all the three samples shows 
very similar features, including polygonal grain shapes and mainly <110> orientated 
grains. The surfaces of the strip sample exhibit smaller grain sizes and more 
equiaxed grain shapes. The grain orientations seem to be more on <111> and <100> 
than <110>.  
For the pipe, the microstructures at the quarter and centre positions are similar to the 
strip. At the outer surface, the grain size of the pipe seems to be larger than the strip 
and at the inner surface, the grain sizes of all the three samples seem to be similar. 
The grain orientation of all the three samples is similar in general, with more <110> 
orientations at the quarter and centre, more or less even distribution at the surfaces. 
Compared to the OM micrographs, EBSD provides clearer and more detailed grain 
information. However, due to the smaller imaging area and the fact that the very 
edge of the samples was not scanned, the structure gradient may not be fully 
revealed. 
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Fig. ‎6.3 EBSD maps of X70 strip, bare pipe and coated pipe at (a) outer surface, (b) 
outer quarter, (c) centre, (d) inner quarter and (e) inner surface positions. 
Fig. ‎6.4 illustrates the average subgrain sizes obtained by EBSD for the three 
samples at different positions using a minimum angle of 2°. It can be seen that the 
average subgrain sizes for all the maps are in the range of 1.5 µm to 2.2 µm. 
Generally, the subgrain size is larger at the centre position and smaller at the 
surfaces. The outer surfaces have relatively larger subgrain size than the inner 
surfaces. It is difficult to compare the subgrain sizes between different samples 
based on these values. The reason is because the scanned area is not large enough to 
be representative of each sample and each position and also because the surface 
maps are not from the very edge. 




Fig. ‎6.4 Average subgrain size measured by EBSD for strip, bare pipe and coated 
pipe. 
Fig. ‎6.5 shows a hardness distribution map of the strip, bare pipe and coated pipe 
samples. Vickers hardness measurement was conducted using a load of 0.5 kg and a 
dwell time of 10 s. Measurements were taken through the thickness of the three 
samples with a distance of 250 µm between indents. It can be seen from Fig. ‎6.5 that 
the hardness generally increases from strip to bare pipe to coated pipe. Except for 
the indents at the very edges, the outer surfaces of the pipe exhibit smaller hardness 
values than the inner surfaces. 
The hardness distribution is in agreement with the assumption that the pipe forming 
process applies plastic strains in the material which may induce hardening in the 
bare pipe and the ageing process further results in hardening in the coated pipe. 
During pipe forming, the outer surface experiences tensile strain and the inner 
surface experiences compressive strain, that may be the reason for the relative 
smaller hardness at the outer surface and larger hardness at the inner surface. This is 
also in agreement with the microstructure distribution observed by OM and EBSD 
that the outer surface has larger grain sizes than the inner surface.  




Fig. ‎6.5 Through-thickness hardness distribution for strip, bare pipe and coated pipe. 
6.2 Texture 
Microtexture distribution of the strip, bare pipe and coated pipe was obtained from 
the EBSD data. The orientation distribution function (ODF) of ϕ2=45° sections were 
calculated by imposing orthorhombic sample symmetry and were depicted using 
Bunge’s notation. Fig. ‎6.6 shows the ϕ2=45° ODF sections of the microtexture 
along the thickness direction of the strip, bare pipe and coated pipe. 
It can be seen from Fig. ‎6.6 that the surface textures are different from the textures 
at other positions. The textures at the outer quarter, centre and the inner quarter 
positions for all the three types of materials are similar and exhibit typical BCC 
transformation textures from deformed austenite. This indicates that the textures 
measured at these three locations can represent the bulk texture of the materials and 
the bulk texture stays the same from strip to bare pipe to coated pipe. The schematic 
representation of the most important orientations in BCC metals in the ϕ2=45° 
section is shown in Fig. ‎6.6(f). The higher intensity is located along the α fibre in the 
vicinity of {211}<011> component, which is corresponding to the transformed 
austenite copper component, as well as in the vicinity of {554}<225> component, 
which is corresponding to the transformed austenite brass component. The Rotated 
Cube {100}<011> component also has relatively high intensity. 
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Fig. ‎6.6 ϕ2=45° ODF sections of X70 strip, bare pipe and coated pipe at (a) outer 
surface, (b) outer quarter, (c) centre, (d) inner quarter and (e) inner surface positions, 
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For the surface positions, it can be seen that the outer and inner surface textures for 
all the three types of materials are completely different from the typical BCC 
transformation textures. The texture intensities at the surface positions are also 
significantly smaller than those at the other positions, as shown in Fig. ‎6.7. For the 
strip, the outer and inner surface textures are similar, with a high intensity at 
{110}<001> component, indicating that the texture in the strip is symmetric. For the 
bare and coated pipe, the outer and inner surface textures are different and are both 
different from the surface texture of the strip. At outer surface, the higher intensity is 
located in the vicinity of {211}<111> component as well as {110}<112> component 
for both the bare and coated pipe. At inner surface, both the bare and coated pipe 
have a high intensity near {110}<112> component. 
 
Fig. ‎6.7 The maximum texture intensities of the hot rolled strip, bare pipe and 
coated pipe at different thickness positions. 
The evolution of the major orientations along α and γ fibres can be seen in Fig. ‎6.8 
for the different thickness positions. It can be seen from the fibres that at quarter and 
centre positions, the strip, bare pipe and coated pipe show similar characteristics, 
with higher intensities near {113}-{112}<110> and {111}<112> orientations. The 
surfaces exhibit near random texture for all the three materials. 
It can be seen from the orientation intensities along the two major fibres that though 
the general features of the orientations at the quarter and centre positions are similar, 
there are certain shifts in maximum intensities along the fibres as well as maximum 
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intensities outside the major fibres. This may be caused by the limited number of 
grains obtained from the EBSD map, so the measured microtexture does not 
represent the macrotexture at these thickness positions. 
These results indicate that there is a texture change at both the outer and inner 
surfaces during the pipe forming process, and the changes are different for the two 
surfaces, whilst the bulk texture remains the same, judging from the textures at the 
quarter and centre positions. This is reasonable since the plastic strain focuses on the 
strip surfaces during the pipe forming process. The strain is compressive at the inner 
surface and tensile at the outer surface which induces the different textures at the 
inner and outer surfaces. However, there is no obvious texture change after the FBE 
coating. It indicates that the temperature of FBE coating is not high enough to cause 
texture changes. 




















Fig. ‎6.8 The α and γ fibres of X70 strip, bare pipe and coated pipe at (a) outer 
surface, (b) outer quarter, (c) centre, (d) inner quarter and (e) inner surface positions. 
6.3 Mechanical properties 
In the line pipe specification of American Petroleum Institute, API 5L, YS of thin 
walled line pipe can be determined using two methods: FB tests and RE tests. FB 
tests often cut a pipe section from ~90° to the weld seam then flatten the section. 
Tensile specimen with the length transverse to the pipe axis will then be machined 
from the flattened pipe section. Conventional flat specimen testing can be conducted 
and YS, UTS and UE can be determined from the FB tests. RE tests use a pipe ring 
as test specimen and a special RE tester has to be adopted for the testing. The 
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maximum hoop strain in RE testing is typically less than 1% of circumferential 
expansion. At higher strains the Poisson strain can cause leakage of the hydraulic 
pressurising fluid. The YS at 0.5% total strain can be obtained by the RE tests. 
In this work, uniaxial tensile tests were conducted on the specimens machined from 
the strip and flattened pipe sections. Tensile tests were conducted using an initial 




. DIC was used to measure the strain distribution on the 
specimen surface during tensile testing. RE tests were conducted in a RE tester in 
Baosteel using a pipe ring with an axial length of 75 mm.  
Fig. ‎6.9 shows the stress-strain curves from FB and RE tests. It can be seen from 
Fig. ‎6.9(a) that the stress-strain curve of the strip sample shows clear yield point 
phenomenon, whereas the curves of the pipe samples both show round-house typed 
curves. There is a slight YS increase for the bare pipe compared to the strip, but the 
UTS of the two is the same. Both YS and UTS increase for the coated pipe 
compared to the bare pipe, with a decrement of UE at the same time. Fig. ‎6.9(b) 
demonstrates that both pipe ring samples experienced continuous yielding and the 
YS of the coated pipe is larger than the bare pipe. 







Fig. ‎6.9 Stress-strain curves of (a) strip sample and FB tested pipe samples, (b) RE 
tested pipe samples. 
6.4 Internal friction 
The samples for internal friction tests were strip with a dimension of 50 × 2 × 1 
mm3 were wire cut from the strip, bare pipe and coated pipe steel with the length 
direction of the samples parallel to the steel rolling direction. The samples were then 
ground and polished on the four large surfaces. Four samples were measured in each 
type of material. The internal friction was measured in a free decay mode. Q−1 was 
recorded as a function of temperature. The obtained curve was then post-processed 
to remove the background in order to obtain the Snoek peak height. Fig. ‎6.10 shows 
an example of internal friction spectra before and after removing background. Solute 
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Fig. ‎6.10 Internal friction spectra (a) measured, (b) after background removal. 
Fig. ‎6.11 shows the measured solute carbon concentration for strip, bare pipe and 
coated pipe. It can be seen that the solute carbon concentration increases from strip 
to bare pipe to coated pipe. However, the absolute values are small even for the 
coated pipe because the carbon content in the X70 pipeline steel is very low. Two 
strip samples did not show any peaks.  




Fig. ‎6.11 Measured carbon Snoek peak height or solute carbon concentration for 
strip, bare pipe and coated pipe.  
This result reveals that in both pipe forming and coating process, the solute carbon 
concentration both increases. It can be used to explain the increase in YS after pipe 
forming and coating according to the Cottrell’s theory that higher concentration of 
solute carbon means more dislocations are pinned so it requires higher stress to 
break the dislocations away from their atmosphere, resulting in higher YS, as 
observed in Fig. ‎6.9.  
In pipeline steel, the contents of strong carbide and nitride formers such as Ti, V and 
Nb are present. Although it is believed that alloying with strong carbide or nitride 
forming elements is able to remove yield point, the current results prove that the 
alloying elements cannot eliminate carbon or nitrogen in solution in the current 
work. Solute carbon can still be detected even though the concentration is low. It 
also proves that a very small amount of carbon atoms in solution is able to induce 
strain ageing. 
6.5 Summary 
This chapter presents the microstructures, textures, mechanical properties and 
internal friction of X70 steel from strip to bare pipe to coated pipe. The results are 
summarised as follows: 
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1) OM images show that compared to the hot-rolled strip, the microstructure of 
the pipe does not change much in most regions except for a slight increase in 
grain size at the outer surface.  
2) The subgrain size obtained by EBSD shows that the subgrain size is larger at 
the centre position and smaller at the surfaces. The outer surfaces have 
relatively larger subgrain size than the inner surfaces. 
3) Through-thickness hardness measurements indicate that the outer surfaces of 
the pipe exhibit smaller hardness values than the inner surfaces. 
4) Microtexture measurement results indicate that there is a texture change at 
both the outer and inner surfaces during the pipe forming process, and the 
changes are different for the two surfaces which are induced by the 
compressive strain at the inner surface and tensile at the outer surface, whilst 
the bulk texture remains the same. However, there is no obvious texture 
change after the FBE coating. This indicates that the temperature of FBE 
coating is not high enough to cause texture changes. 
5) FB tensile tests show that the strip sample exhibits clear yield point 
phenomenon, whereas the curves of the pipe samples both show round-house 
typed curves. Pipe forming from strip to bare pipe results in a slight YS 
increase, but the UTS remains the same. Coating process induces increment 
in both YS and UTS, with a decrement of UE at the same time. RE tests 
show that both bare and coated pipe ring samples experience continuous 
yielding and the YS of the coated pipe is larger than the bare pipe. 
6) Internal friction tests show that solute carbon concentration increases in both 
pipe forming and coating process. This increment can be used to explain the 
increase in YS after pipe forming and coating according to the Cottrell’s 
theory that higher concentration of solute carbon means more dislocations 
are pinned so it requires higher stress to break the dislocations away from 
their atmosphere, resulting in higher YS.  
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7 HYDROSTATIC BURST TEST OF X70 
BARE AND COATED PIPE 
 
Though the influence of strain ageing on the microstructure and mechanical 
properties of the pipe can be easily obtained from lab scale tests, the actual influence 
of strain ageing on the performance of pipe can only be estimated from these 
properties and it is often inaccurate. Hydrostatic burst test is believed to be the most 
reliable method to verify the integrity of the pipe. There are many reports on the 
hydrostatic burst test results of pipe because this test is often required for new grade 
steel or new welding method. There has not been much work on direct comparison 
of hydrostatic burst properties of bare and coated pipe. To investigate the influence 
of strain ageing caused by coating on the performance of pipe, full scale hydrostatic 
burst tests were conducted on bare and coated pipe in this work to investigate the 
influence of coating on the allowable hoop strain in hydrostatic burst test. Fracture 
resistance capability of bare and coated pipe was also evaluated using pipe with pre-
existing notches.  
7.1 Test set up 
The testing materials were two full-lengths of X70 line pipe. To investigate the 
influence of coating, the two pipe were both cut into two approximately 8 m halves 
and one half was subjected to FBE coating and the other half was left uncoated. One 
pair of the uncoated-coated pipe was subjected to hydrostatic burst test straight away 
(named bare plain and coated plain) and the other pair of the pipe was notched in the 
middle of the pipe before the burst test (named bare notched and coated notched). 
The notch was machined at 90° from the seam weld and the notch length and depth 
were 102 mm and 3.4 mm, respectively. Fig. ‎7.1 shows the design of the four test 
pipe.  
The four pipe were tested in the hydrostatic test bunker of Baosteel. The ambient 
temperature during the experiments was constant. The pressure (P) and volume (V) 
data were recorded. The hoop strain of the pipe was monitored by Pi tape, strain 
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gauge, DIC and clip gauge. The YS and Y/T of the test pipe was measured from RE 
tests and FB tensile tests. 
 
Fig. ‎7.1 Schematic diagram of test pipe. 
After filling with water, a minimum of 12 hours was set to stabilise the temperature. 
During the test, the pumping rate was set to 0.2 L/min. The strain rate calculated 




, which was much lower than the 
strain rate used in tensile test. The test section was pressurised to 2000 kPa with a 
hold period to check for leaks. For each test, the pressure was first increased to the 
equivalent of 50% Specified Minimum Yield Strength (SMYS) to check the data 
acquisition systems as well as for leaks and residual air. Plain pipe were first 
strength tested at a nominal end-point of 0.2% volume offset with a hold period of 2 
hours. These sections were then depressurised upon completion of that strength test 
and then pressurised again to burst.  
7.2 Mechanical properties of pipe for hydrostatic burst test 
Fig. ‎7.2 presents the mechanical properties of the four pipe measured by FB tensile 
and RE tests. It can be seen that the two bare pipes have identical properties in both 
FB tensile and RE tests results. The coated pipe has significantly increased YS 
compared to their bare counterparts.  Table ‎7.1 lists the measured values of YS from 
RE tests, UTS from FB tensile tests and their ratio Y/T. It is clear from the table that 
the coated pipe has higher Y/T than the bare pipe, with coated notched pipe having 
the largest Y/T of 0.93. Based on the relationship of hoop failure strain vs. Y/T in 
AS2885.5-2012 [136], the estimated failure strains of the bare and coated plain pipe 
are 3.23% and 2.76%, respectively. 
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Table ‎7.1 Mechanical properties from FB tensile and RE tests. 
 
Plain Notched 
Bare Coated Bare Coated 
RE YS (MPa) 524 576 524 601 
FB UTS (MPa) 605 651 609 646 
Y/T 0.87 0.89 0.86 0.93 
AS2885.5-2012 Failure strain (%) 3.23 2.76 - - 
7.3 Pressure-volume plot 
Fig. ‎7.3 shows the P-V plots obtained during the hydrostatic burst tests. The first 
peak for the plain pipe is the strength test peak and for the notched pipe is the leak 
test peak and the second is for the burst test for both the plain and notched pipe. It 
can be seen from Fig. ‎7.3(a) that the busting pressure of the two plain pipe is nearly 
the same. The added water volume of the bare plain pipe is slightly larger than the 
coated plain pipe. Fig. ‎7.3(b) shows that for the notched pipe, the bursting pressure 
is the same for the bare and coated pipe. The added water volume for the coated pipe 
is slightly larger compared to the bare pipe. 







Fig. ‎7.3 P-V plot of (a) plain and (b) notched pipe during hydrostatic burst tests. 
7.4 Failure pressure and strain 




  7.1) 
 
where σt is the tensile strength, t is the nominal wall thickness and Di is the nominal 
inner diameter. 
7 Hydrostatic burst test of X70 bare and coated pipe 
149 
 
The NG18 part-through wall pressure equation [159] was used with the flow stress 
defined as average of the RE YS and FB UTS. The predicted failure pressure was 
estimated based on an equivalent defect length of 102 mm.  
Table ‎7.2 shows the predicted and measured burst pressure. It can be seen that the 
measured failure pressures of all the four pipes are above the predictions. The 
difference in the failure pressure between the two plain pipes is only 0.3 MPa, with 
coated pipe having a higher value. The predictions agree qualitatively with the 
experimental results. However, the observed difference between bare and coated 
pipe was notably smaller than predicted. The small observed difference indicates 
that ageing was at least not detrimental to the failure pressure. The experimental 
failure pressures for the two notched pipe were equal to 16.1 MPa, indicating that 
ageing did not decrease the crack resistance of the pipe. Similar to the observations 
made on the plain pipe, the notched pipe predictions were also conservative.  
Table ‎7.2 Predicted and measured burst pressure. 
Burst pressure (MPa) 
Plain Notched 
Bare Coated Bare Coated 
Predicted 18.55 19.96 11.56 12.72 
Measured 21.94 22.23 16.09 16.11 
The failure strain in the circumferential direction along the pipe was measured by Pi 
tape, strain gauges and DIC for all tests. Fig. ‎7.4(a) and (b) present the 
circumferential strain of the plain pipe measured by Pi tape and strain gauges. It can 
be seen that the results from these two measuring methods coincide with each other, 
providing confidence on the data set. The strain values along the pipe are generally 
uniform except for in the burst mouth region which have higher strains (indicated by 
the dashed boxes). It is worth pointing out that the plain bare pipe has a second peak 
of strain just next to the burst position (Fig. ‎7.4(a)), which indicates that it is another 
weak spot in the pipe. Generally, the plain bare pipe has higher strain than the plain 
coated pipe, but the different is small. The longitudinal strain for the plain pipe was 
also measured at the centre position of the pipe and the results showed that the 
longitudinal strains were zero for both plain pipe (not shown in the figures).  
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Fig. ‎7.4(c) and (d) present the strains from the notched pipe measured by strain 
gauges aligned with the notch. The strain occurred mostly in the region around the 
notch and the Pi tape measurements showed negligible strain (not shown here). The 
strain values of the two notch pipe are similar and comparable to the highest strain 
values of the plain pipe. The strains are negligible at positions away from the notch. 
The longitudinal strains measured close to the end of the notch showed similar 
values to the transverse strains, as shown in Fig. ‎7.4(c) and (d). 
 
(a) Plain, bare 
 
(b) Plain, coated 




(c) Notched, bare 
 
(d) Notched, coated 
Fig. ‎7.4 Measured failure strain of test pipe for (a, b) plain pipe by Pi tape and strain 
gauges, (c, d) notched pipe by strain gauges. 
Though the failure strain along the pipe is more or less uniform except for the burst 
mouth, the strain distribution along the pipe hoop direction was not uniform at the 
early stages of deformation. Fig. ‎7.5 shows a DIC measured strain distribution along 
the pipe hoop direction at the holding period of the strength test which is just beyond 
yield. It can be seen from the figure that the hoop strain is heterogeneous over the 
circumference but relatively homogenous in the axial direction.  Localisation bands 
both in tension and compression are observed. These features were visible along the 
length of the pipe at all DIC test spots. They are likely related to heterogeneities of 
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the material properties from the coil as well as pipe forming as demonstrated by Ref. 
[160] on X65 and X70 HFW pipe. 
 
Fig. ‎7.5 Strain distribution along pipe hoop direction measured by DIC.  
Table ‎7.3 lists the failure strain measured and averaged using different methods. 
The Pi tape measurements are processed in two ways. One approach provides an 
average of the measurements over the full length of the full pipe section. Because 
the failure strain is averaged over the full length this method allows estimating the 
added volume at failure for an individual pipe of a given length. However, this 
method does not represent the actual maximum failure strain that occurred at the 
location of the burst and the average strain value obtained is dependent on the pipe 
length, the longer the pipe, the smaller the average strain. The second strain data 
processing approach considered the average of the data only local to the mouth 
opening. The average strain calculated by this method more precisely represents the 
failure strain of the material. It can be seen in Table ‎7.3 that the failure strain 
measured by Pi tape and averaged over the burst mouth region is significantly larger 
than that averaged over full pipe length. 
While the strain gauges can measure the local strains accurately they are more suited 
for measuring strains of the notched pipe as the burst position is known prior to 
burst. When averaged over the full pipe length, he strains measured by strain gauges 
are similar to the Pi tape results. The best result from strain gauge measurement that 
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can represent the burst mouth strain is from the location that is closest to the burst 
mouth. However, due to the lack of location precision, the strain value is still differs 
from the real burst mouth strain. Above all, it can be concluded that for the plain 
pipe the strain values from the Pi tape measurements averaged over the burst region 
best represents the local burst strain, and for the notched pipe, the strain values 
measured using the strain gauge is the best. 
Table ‎7.3 Measured failure strain of the test pipe. 
Failure strain (%) 
Plain Notched 
Bare Coated Bare Coated 
Pi tape, average full length 4.2 3.3  - - 
Pi tape, average burst mouth region 5.8 4.7 - - 
Strain gauge, average full length 3.9 2.8 - - 
Strain gauge, closest to burst mouth 5.5 3.9   
Strain gauge, average burst mouth region - - 5.8 5.9 
7.5 Burst mouth measurements 
Images of the mouth openings are shown in Fig. ‎7.6 together with the mouth 
opening measurements. The plain pipes (Fig. ‎7.6(a) and (b)) have a longer length of 
fracture compared to the notched pipe (Fig. ‎7.6(c) and (d)). This may be attributed to 
the difference in internal pressure at failure between the plain pipe (22 MPa) and the 
notched pipe (16 MPa). Among the four pipe, the plain coated pipe (Fig. ‎7.4(b)) and 
the notched bare pipe (Fig. ‎7.6(c)) show the onset of a fish mouth opening. 
The coated pipes (Fig. ‎7.6(b) and (d)) have longer and wider burst mouth opening 
compared to that of the bare pipe (Fig. ‎7.6(a) and (c)), extending a further 10 to 20 
mm in both longitudinal direction and TD. The coated plain pipe (Fig. ‎7.6(b)) has 
wider crack tip opening angle than the bare plain pipe (Fig. ‎7.6(a)), albeit the onset 
of the fish mouth opening in the former makes the measurement subjective. 




(a) Plain, bare (b) Plain, coated 
 
 
(c) Notched, bare (d) Notched, coated 
Fig. ‎7.6 Burst mouth measurements of the test pipe. 
The thinning in the burst mouth area was estimated by measuring the thickness of 
the fractured pipe over 30 mm in the TD from the centre of the fracture surface. The 
through-thickness strain was calculated from the measured thickness based on the 
nominal thickness. The profiles perpendicular to the mouth opening are shown in 
Fig. ‎7.7. From Fig. ‎7.7(a) the plain pipe show a gradual decrease in strain over the 
first 15 mm from the fracture surface. The trend stabilises at a value close to 3% 
strain at further locations. This is in accordance with the pipe failure strain measured 
using Pi tape and strain gauges. The plain bare pipe has higher through-thickness 
strain than the coated bare pipe over the first 10 mm from the fracture surface, 
confirming previous observations on its superior ductility. At the fracture surface, 
the strain values for both bare and coated pipe are above 50% strain, indicating a 
thinning accounting for more than half of the original wall thickness. This is similar 
to the through thickness strain measured in FB specimens at approximately 55% 
strain. 
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Fig. ‎7.7(b) shows the through-thickness strain profile for the notched pipe taken 
from the edge of the notch rather than the edge of the fracture surface. The strain 
values are significantly smaller at the tip of the burst mouth compared to that from 
the plain pipe. They decrease drastically within the first 2 mm away from the notch 
edge. The through thickness strain is essentially zero further away. This is an 
expected result due to the strains localising within the ligament at the bottom of the 
notch. The difference in through-thickness strain is in favour of the coated pipe. This 
is an unexpected result. Because the data set is limited, it is concluded that ageing 
was at least not detrimental to the through-thickness strain capacity observed in the 





Fig. ‎7.7 Strain profile perpendicular to mouth opening for (a) plain pipe and (b) 
notched pipe. 
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7.6 Crack development resistancy 
For the notched pipe, clip gauge was used to monitor the crack mouth opening 
displacement (CMOD) during the burst test. The relationship of pressure versus clip 
gauge displacement is shown in Fig. ‎7.8. A departure from linearity was observed in 
both cases at 4.9 MPa and 5.4 MPa in the bare and coated conditions, respectively. 
At the maximum allowable working pressure (MAWP), the notch opening 
displacements for bare and coated pipe are 0.465 mm and 0.345 mm, respectively. 
Both tests indicate remaining ductility within the ligament beyond SMYS. The 
coated pipe exhibits a larger apparent stiffness than its bare counterpart with a 
departure between the two curves that starts immediately upon pressurisation as 
shown in Fig. ‎7.8. The difference in apparent stiffness is attributed to the difference 
in strength between the pipe. Though the CMOD was lower in the case of the coated 
pipe with a difference of approximately 0.3 mm in favour of the bare pipe, the 
coated pipe offered better resistance to the increase of CMOD. 
Overall, it can be concluded that ageing was not detrimental to the failure pressure 
or the failure strain in both plain and notched conditions. The data for the Pi tape 
averaged over the full length of the plain pipe can be plotted in the allowable hoop 
strain vs. Y/T (Fig. ‎7.9) in AS 2885.5. The failure strain of the coated pipe is lower 
than the bare pipe. Although this observation supports the concerns over the 
decrease in ductility following ageing, it can be seen that the coated pipe is not 
different from other (mostly uncoated) tests. It is apparent that ageing did not lead to 
a failure strain difference compared to other uncoated pipe of equivalent Y/T. 
 






Fig. ‎7.8 (a) The relationship of pressure and clip gauge displacement for notched 
pipe, (b) set-up of clip gauge over the notch. 
 
Fig. ‎7.9 Comparison of the measured failure strain to AS2885.5-2012. 
7.7 Summary 
This chapter presents the hydrostatic burst test results of X70 pipe. The test pipe are 
plain bare, plain coated, notched bare and notched coated pipe and the results can be 
summarised as follows: 
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1) FB tensile and RE tests show that the two bare pipe have identical properties 
in both FB tensile and RE tests results. The coated pipe have significantly 
increased YS compared to their bare counterparts.   
2) The bursting pressure of the pipe before and after coating is identical. The 
added water volume of the bare plain pipe is slightly larger than the coated 
plain pipe, whereas for the notched pipe, the coated pipe has larger water 
volume. 
3) The hoop strain measured by pi tape and strain gauge shows that the plain 
coated pipe has slightly smaller failure strain than that of the plain bare pipe, 
but both are higher than the estimated values based on Australian standard 
AS2885.5-2012. The strain values of the two notch pipe are similar and 
comparable to the highest strain values of the plain pipe. 
4) DIC measurement shows evidence of non-uniform deformation in 
circumferential direction during full scale hydrostatic burst test. 
5) Burst mouth measurements show that the plain pipe has a longer length of 
fracture compared to the notched pipe. In addition, the coated pipe have 
longer and wider burst mouth opening compared to that of the bare pipe. 
6) The through-thickness strain calculation shows that the coated plain pipe has 
smaller through-thickness strain than the bare plain pipe close to the fracture 
surface. The strain values for the notched pipe are significantly smaller at the 
tip of the burst mouth compared to that from the plain pipe. 
7) The Clip gauge measurement of CMOD shows that the coated pipe exhibits 
higher resistance to notch opening. 
8) The measured failure pressures of all the four pipes are larger than the 
predicted values based on Barlow equation. The hoop strain and Y/T relation 
are in line with the previous reported data.  It is apparent that the ageing did 
not lead to a failure strain different than other uncoated pipe of equivalent 
Y/T. 
9) It can be concluded that ageing was not detrimental to the failure pressure or 
the failure strain in both plain and notched conditions. The coating process 
and the strain ageing effect did not influence the integrity of the pipe. 
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8 CONCLUSIONS AND 
RECOMMENDATIONS 
 
This research investigated the mechanism of strain ageing in line pipe steels and the 
influence of strain ageing on pipeline steel microstructure, texture, mechanical 
properties and on pipe integrity. The detailed results are presented and summarised 
in Chapter 4, 5, 6 and 7. The general conclusions and recommendations are as 
follows: 
8.1 Conclusions 
1) Through-thickness stratified tensile tests were performed on X80 pipe to 
investigate its non-uniformity in mechanical properties and the results 
showed that the specimens from the mid thickness had the minimum tensile 
elongation and the specimens from the innermost layer had the most obvious 
Lüders phenomenon. The observed Lüders band was analysed in detail and 
the results did not show evident microstructural change when Lüders band 
was passing through the specimen. However, the Lüders band passed region 
did show slightly higher hardness which could be attributed to the slightly 
higher dislocation density which was measured in this region. 
2) Strain ageing simulation was performed on one X65 steel strip and two X70 
steel strips (with thickness of 6.8 mm and 9.1 mm) using various 
combinations of pre-straining and ageing treatment and the results 
demonstrated that both the pre-strain level and the ageing condition 
influenced the mechanical behaviour of the steels. After pre-straining to 
2.0% and 2.5%, the Lüders plateau was removed. However, it re-appeared 
when the pre-strained specimens were aged at low temperatures ranging 
from 200 ºC to 260 ºC. In general, YS, UTS and Y/T increased with 
increasing pre-strain levels and ageing temperature. UE and TE decreased 
with increasing pre-strain levels and ageing temperature.  
3) The strain distribution on the specimen gauge region for typical stress-strain 
curves were analysed and the results showed that for the specimens did not 
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experience pre-straining, yield drop and Lüders plateau interval was both 
observed following by significant strain hardening. For the 1.5% pre-strained 
and aged specimens, multiple yield drops which were associated with 
multiple Lüders bands were observed, again following by extensive strain 
hardening. For the 2.0% and 2.5% pre-strained and aged specimens, no 
obvious yield drop was observed yet Lüders bands existed. Strain hardening 
was either not observed or it occurred but to a very limited amount. For the 
5.0% pre-strained specimens, necking occurred right after yielding. It can be 
concluded that 2.0% pre-strain was the critical pre-strain level that the 
mechanical behaviour of the steel changed when the pre-strain exceeded this 
level. 
4) All the tensile test results showed that Y/T was positively related to YS 
while UE was negatively related to Y/T. However, the results of both X70 
steels reveal that Y/T cannot represent elongation in some circumstances. 
For instance in some cases, UE was larger than 6% at Y/T above 0.98, which 
indicates that Y/T is a poor measure of ductility. 
5) Through-thickness microstructure, microhardness and texture investigation 
was performed on X70 pipeline steel hot-rolled strip, bare pipe and coated 
pipe at outer surface, outer quarter, centre, inner quarter and inner surface 
positions. Microstructure observation using OM and EBSD revealed that the 
bare and coated pipe exhibited very similar microstructures. Compared to the 
hot-rolled strip, the microstructure of the pipe did not change much in most 
regions but exhibited slightly larger grain size at the outer surface. 
Microhardness measurement showed that the outer surfaces of the pipe 
exhibited smaller hardness values than the inner surfaces. Microtexture 
analysis using EBSD indicated that there was a texture change at both the 
outer and inner surfaces during the pipe forming process, but there was no 
obvious texture change after the FBE coating. It can be concluded from these 
results that the pipe forming process changed the texture at the outer and 
inner surfaces. However, the temperature of FBE coating was not high 
enough to cause microstructure or texture change. 
6) Microhardness measurement and uniaxial tensile tests using FB tensile 
specimens demonstrated that the hardness and YS increased from hot-rolled 
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strip to bare pipe to coated pipe. RE tests also confirmed the YS of coated 
pipe was higher than bare pipe. It can be concluded that both the pipe 
forming and coating process resulted in hardness and strength increment. 
7) Internal friction tests results showed that the solute carbon concentration 
increased from strip to bare pipe to coated pipe. This revealed that in both 
pipe forming and coating process, the solute carbon concentration both 
increased, which can be used to explain the increase in YS after pipe forming 
and coating according to Cottrell’s theory that more solute carbon were 
available to pin the dislocations for the aged pipe which resulted in an 
increment of YS. 
8) Full scale hydrostatic burst tests on plain bare, plain coated, notched bare and 
notched coated pipe showed that the pipe before and after coating had the 
same bursting pressure. The hoop strain of the plain coated pipe was slightly 
smaller than that of the plain bare pipe, but both were higher than the 
estimated values based on Australian standard AS2885.5-2012. Monitor of 
crack development using clip gauges on notched pipe showed that the coated 
pipe was more resistant to crack development. Overall, it can be concluded 
that ageing was not detrimental to the failure pressure or the failure strain in 
both plain and notched conditions. The coating process and the strain ageing 
effect did not influence the integrity of the pipe. The results also indicate that 
the estimations of allowable hoop strain in AS2885.5-2012 are too 
conservative. 
8.2 Recommendations 
Based on the current results that the UE is greater than 6% when Y/T is above 0.96, 
it is considered that the recommendation for allowable hoop strain in AS2885.5-
2012 is too conservative. Therefore, a new recommendation is attempted in the 
following.  Investigation on the data points used in AS2885.5-2012 (data points can 
be found in Fig. ‎2.28 and Fig. ‎2.29) found that there are no details available for 
some points. These points were excluded in the new fit. Combining the remaining 
valid data points with other points sourced from another references [161] and some 
private data points, the new fit is shown in Fig. ‎8.1. The blue dots are all the data 
points used for fitting. In this fit, a linear relationship between the allowable hoop 
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strain and Y/T was used for simplification. Y/T limit was set up to 1 instead of 0.96. 
The new allowable plastic strain is as shown by the red line. It can be seen that 
compared to the old recommendation (green line), the allowable hoop strain is much 
larger in the new fit. The figure of failure strain vs. Y/T ratio of the hydrostatic test 
in AS2885.5-2012 is recommended to be changed based on the results of this 
project. The limit Y/T ratio of 0.96 is suggested to be removed in the new figure. 
 
Fig. ‎8.1 New fit of allowable hoop strain (red line). 
8.3 Future work 
It was shown in the experimental results that there was a slight grain size increment 
at the outer surface of the pipe during pipe forming process and there was a slight 
change in texture at the outer and inner surfaces. However, the reason is not clear 
since pipe forming strain is generally considered not large enough to cause 
significant microstructure or texture changes. Experimental error might be the 
reason as the samples tested were not from the same region or the same strip. Future 
work can be done in this area by performing bending of steel strips and examine 
microstructure and texture evolution of the same steel before and after bending. 
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Though the mechanism of strain ageing has been attempted to understand through 
measuring solute C concentration in this work, the actual effect of solute C on yield 
drop and Lüders plateau is still unclear and it is limited by the low concentration of 
solute C. More work should be performed in this area by investigating solute C 
concentration and mobile dislocation density evolution of steels with different strain 
ageing conditions. Steels with various C contents can also be investigated to extend 
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